
ABSTRACT

S H E F E T ,  S A R I D  M .    Development of a quantitative visualization method

to characterize the flow behavior of food particulates in a continuous aseptic

sterilizer.   (Under the direction of Dr. Brian W. Sheldon).

Presently, conventional continuous pasteurization systems which were

designed primarily for liquids and semi-liquids do not satisfy either product

quality specifications or safety requirements of U.S. regulatory agencies when

applied to food containing particulates (Marcotte et al., 1994;  Simunovic et al.,

1995).  One potential solution to the above problem was suggested in a recently

issued patent by this author entitled ‘Hydrostatic Heating Apparatus’ (Shefet,

1996).

The objectives of this study were to develop a quantitative visualization

tool for evaluating flow behavior of particles in a model hydrostatic heating

apparatus or other flow systems and to estimate process paramenters (Reynolds

numbers, Nusselt numbers, Biot numbers, heat transfer coefficients, holding tube

length and process times) of a simulated aseptic process for potato spheres, based

on the quantitative data collected during the study.

The three dimensional movement of polystyrene balls as influenced by ball

diameter (0.95 and 1.9 cm), flow rate (10, 20 and 30 l/min) and conveyor disk

design (2 configurations) were recorded in the model heating apparatus and

analyzed using motion analysis software.  Ball speed and net-to-gross-

displacement (NGDR) ratio values were calculated for ball movement in the x;y



and x;z planes.  The NGDR is computed for specific particles moving on a given

path. For a given point in a path, the net displacement is the distance along a

straight line from the first point of the path to the given point.  In contrast, the

gross displacement is the distance along the actual path from the first point in the

path to the given point.  The ratio between these two quantities is termed the net to

gross displacement ratio  (Motion Analysis Corporation, 1990).  As carrier liquid

flow rate increased, there was an associated increase in both the mean and

standard deviation speed and NGDR values.  In general, larger ball sizes yielded

lower speed and NGDR values (i.e., less movement).  A concave (bowl-like)

conveyor disk design as opposed to a 90° flat-edge disk design yielded greater

speed and NGDR values when carrier velocity was 30 l/min.  Speed and NGDR

values having higher standard deviations were interpreted as having greater

turbulent flow.  Furthermore, speed and NGDR mean and standard deviations were

highly correlated (r2 > 0.9) indicating that either statistic could be used to describe

the flow behavior of particles.  In addition, a high correlation

(r2 > 0.9) was observed between measurements (speed, NGDR) taken in both planes

(x;y, x;z).  The average speed derived from the quantitative visualization method

was subsequently used to calculate heat transfer and related properties in the

model hydrostatic heating apparatus.

Based on the successful assessment of the quantitative flow visualization

tool in this study, it is anticipated that this method may be useful for comparing

flow characteristics of particles in other food conveying systems (i.e. continuous

aseptic pasteurizers).  The fact that the movement of a particle in a given system

can be documented and characterized suggests that similar comparisons of particle



movements can be achieved in other systems or factors influencing flow can be

readily evaluated.  Furthermore, this method will allow process engineers to make

recommendations on specifications (i.e. conveyor disk design, liquid velocity,

particulate load, etc.) of future designs of the hydrostatic heating apparatus or any

other system designed for conveying particulates.
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INTRODUCTION

One of the simplest ways to commercially sterilize a food particulate or

liquid food containing particulates is to apply a single thermal process to the fully

mixed product.  Unfortunately, the use of conventional continuous pasteurization

systems, which were designed primarily for liquids and semi-solids, do not

currently satisfy either product quality specifications or safety requirements of

U.S. regulatory agencies  (Marcotte et al., 1994;  Simunovic et al., 1995).

When processing particles in a dynamic system, a major challenge is to

insure that the intact particles flow through the system in a homogeneous

manner.  This concern is best addressed using a scraped surface heat exchanger

(SSHE) which consists of a double wall tubular heat exchanger in which product

is pumped through an inner tube and steam in the outer tube.  A mechanical arm

located within the product tube continuously scrapes the heat transfer surface

which maintains the particles in suspension.  This type of heat exchanger may

produce an unacceptable product due to the mashing, shearing and tearing of the

particles.  Moreover, a safety concern exists for products containing porous or

hollow particles and viscous fluids since both the particles and fluid may trap air

pockets.  Because air has a relatively low heat conductivity, porous particles may

not receive the necessary heating process to assure commercial sterility

requirements.

A major concern with aseptically processed low-acid food products

containing particulates is the need to sterilize the core of the particulate without

over-processing the liquid portion or exterior of the particulate.  In thermally

processing food particulates, one generally assumes that the slowest heating
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point (i.e. the cold spot) is at the center of the largest particle with the lowest heat

conductivity and minimum residence time (fastest moving particle).  Since it is

extremely difficult to assess the flow dynamics of the fluid-particulate mixture, the

necessary heating that would ensure a safe product and satisfy government

regulations may lead to over-heating of one ingredient while insufficiently

heating others.  In most cases this would result in an unacceptable product due to

adverse changes in flavor, color, nutrient content and other physical or chemical

properties  (Burton, 1988;  Ramaswamy et al., 1995).

Several of processes have been designed to solve the issue of particulate

processing.  The best known is the Jupiter system which is based on the principle

of sterilizing the component solids and liquid separately and then mixing them

together in a sterile environment before filling into containers (Holdsworth and

Richardson, 1989).  The system was not economical since the solids had to be

sterilized in batches.  Systems that employ unconventional means of heating, such

as the Ohmic heating system (APV) which utilizes electrical resistance heating

and the Multitherm system (Alfa Star) which incorporates microwave heating

(Biss et al., 1989), were not commercially successful since non-ionic materials

such as fats, oils, sugars, syrups or tap water without added salts are not suitable

conductors in either system.  These two systems as well as some other attempts to

modify swept or scraped surface heat exchangers or tubular heat exchangers to

handle particles were not able to comply with the Food and Drug

Administration’s (FDA) requirements for proving the residence time distribution

(Hirahara, 1980;  Hersom, 1985;  Sawada and Merson, 1986;  Hermans, 1991;

Dennis, 1992).  A process for the aseptic processing and packaging of potato
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soup was recently developed by Tetra Pak, the National Food Processors

Association, the National Center for Food Safety and Technology, and the Center

for Aseptic Processing and Packaging, filed with the FDA and approved on May

31, 1997  (Palaniappan and Sizer, 1997;  Rice, 1997).  As important as this

development may appear, the protocol was only approved for a specific product

with a specified particle size.  The application of this protocol to other products

and other particle sizes will not necessary gain FDA approval since a change in

any of the above parameters will effect the residence time of the product.

One potential solution to the above problem was suggested in a recently

issued patent by this author entitled ‘Hydrostatic Heating Apparatus’ (Shefet,

1996).  The objective of this research was to develop of a quantitative tool for

evaluating flow behavior of particles in a model hydrostatic heating apparatus or

any other straight compartmentalized heating tube.  This tool may be useful for

characterizing and comparing flow characteristics of particles in different systems

containing liquid and particles.  Furthermore, this method will allow researchers to

make specific recommendations (i.e. conveyor disk design, liquid velocity,

particulate load, etc.) of future designs of the hydrostatic heating apparatus or

any other system designed for conveying particulates.  A final objective of this

study was to estimate heat transfer coefficients of a model hydrostatic heating

apparatus.
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LITERATURE REVIEW

I. Definitions

1. Thermal Death Time

Thermal death time (TDT) is defined as the time required to achieve sterility

of a suspension containing a known number of cells or spores at a predetermined

temperature.  At any specific temperature, the TDT depends on the heat resistance

of the cells and the number of cells in suspension.  Thermal death times are

generally determined for suspensions of a particular organism at several

temperatures.  The TDT curve for an organism is represented by a straight line

where the times necessary for killing are plotted on a logarithmic scale and the

corresponding temperatures plotted on a linear scale.  Each point on the plot is

equivalent to the microorganism or is death efficiency (Banwart, 1981).  An

absolute reduction to zero organisms is not theoretically possible since

destruction rates for most organisms are logarithmic.

2. D value

Microbiologists have commonly used the D value to indicate the decimal

reduction time, or the time required to destroy 90% of a microbial population.

This value is equivalent to the number of minutes required for the survivor curve

to traverse one log cycle (Fig. 1)  (Jay, 1992).  When the D values are plotted on a

logarithmic scale with the corresponding temperatures on a linear scale, a

phantom TDT curve is obtained.  This imaginary straight line can be described by

a D value or TDT at some reference temperature (usually 60°C or 121°C) and the

slope (z).  



5

Time (t)

N
 (

su
rv

iv
or

s)

2
tt

1

D
T

10 0

10
1

10
2

10
3

10
4

10 5

10
6

DT = t2 − t1( )
log

N1
N2( )

Figure 1. Derivation of the D value for a given temperature (T) from a graph of the

number of surviving organisms (N) versus time (t).

3. z value

The symbol z is defined as the temperature necessary to bring about a ten-

fold change in the TDT or D value.  The z value corresponds to the number of

degrees Celsius associated with traversing one logarithmic cycle of the TDT curve

(Banwart, 1981).  The above is commonly defined as the change in temperature

associated with a ten fold change in D value (Fig. 2).  For microorganisms of

greatest importance in canned foods, the z values are usually between 6°C and

14°C.  The z value varies for different strains and types of microorganisms and

may also be influenced by the chemical and physical characteristics of the

suspending medium.  
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Figure 2. Derivation of z value from a plot of thermal death rate (tD) and D value

versus temperature.

4. Q10

Q10 values describe a change in a reaction rate as temperature is increased

by 10°C.  

Q10 =
k T+10° C[ ]

k
T[ ]

The range of temperatures in which z and Q10 values are considered

approximately constant is fairly narrow.  As a result, each Q10 value corresponds

to a specific temperature.  Often these values are considered constant over too

broad a temperature range, a fact that results in process calculation errors

(Herrmann, 1976).   
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5. F

The symbol F is used to designate the time (min) necessary for destroying a

given number of microorganisms at a reference temperature, usually 121°C for

spores or 60°C for vegetative cells  (Banwart, 1981).

6. Fo

The F value is the equivalent time in minutes at a given reference

temperature, of all heat considered in a process, to reduce the number of spores or

vegetative cells of a given organism per unit container as defined by a given z

value (Jay, 1992).  Because a z value of 10°C is commonly observed or assumed

for spores, F values calculated with a z of 10 have become standard and are

designated as F0.  The reference temperature is usually designated at 121°C.  The

criteria as to whether a given process has achieved sterilization is based on the

thermal destruction of microorganisms and integrating the effects of time and

temperature.  The basic mathematical model which is widely used for defining F0.

is:

F0 = 10
T−Tref( )

z

0

t p

∫ dt

The F0 value should be determined at the slowest heating point of particles

in static systems, and as the minimum residence time in fluid flowing systems.  For

low-acid foods, it is recommended that the process time and temperature should

have F0 values in excess of 4  (Holdsworth and Richardson, 1989).

As an example, F0 is equivalent to the lethality achieved by a one minute

exposure of a reference microorganism (Clostridium botulinum) to Tref = 250°F

(121.1°C) when z = 18°F (10°C)  (Hersom, 1985).
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7. Commercial sterility

Commercial sterility is defined as the absence of viable microorganisms that

have public health significance or that are capable of reproducing in the food

under normal nonrefrigerated conditions of storage and distribution (Banwart,

1981).  In most cases the terms sterility and commercial sterility are

interchangeable.

II. Aseptic Processing and Packaging

1. Background

The concept of aseptic processing originated to solve problems associated

with conventional ‘in-container’ sterilization of foods.  The problems consisted of

a low rate of heat penetration to the slowest heating point in the container, long

processing times needed to deliver the required lethality, destruction of nutritional

and sensory characteristics of the food, low productivity, and high energy costs

(Smith et al., 1990).  

Aseptic processing was initiated in 1927 at the American Can Company

Research Department in Maywood, IL under the direction of C. Olin Ball

(Mitchell, 1988).  The result was the development of the HCF (heat, cool, fill)

process for which Ball was granted a patent in 1936.  The HCF process was

targeted at pumpable liquids and semi liquid foods.  In 1938, two HCF units were

installed for commercial production of chocolate-flavored milk beverages.  The

product was heated to 300°F in less than 15 sec, immediately cooled and filled

into sterile cans (Ball and Olson, 1957).  The process was not a commercial

success because of the associated high cost of the equipment, inflexibility with
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respect to can size and the frequent blockages of the can-closing machine.

Despite these problems, Ball is considered the pioneer of aseptic processing.  

The Avoset process was another development in the field of aseptic

processing credited to George Grindrod at the Avoset plant located in the San

Joaquim Valley of California (Ball and Olson, 1957).  A commercial cream product

was introduced to the market under the Avoset label in 1942.  This process was

unique since the filling and closing area was treated to eliminate bacteria,  while

further protection was accomplished by ultra violet (UV) germicidal lamps

(Mitchell, 1988).  The area was also enclosed by a wall containing an opening for

conveying the finished product.  Sterilization was achieved by direct steam

injection to a temperature of 260-280°F.  The Avoset process is no longer in

operation but nevertheless it was another milestone in the development of aseptic

processing.

Significant progress in the commercial development of aseptic processing

technology of foods began with the invention of the Martin-Dole process in the

late 1940’s in California by the Dole Engineering Company (Lopez, 1987).  Their

objective was to produce better quality products than produced by conventional

processing.  The process could be used for the sterilization of any low or high

acid fluid.  The technical success was not, however, followed by a high degree of

commercial success since the package, a metal can, did not differ from

conventional ‘in-container’ sterilized foods (Dennis, 1992).  Product heating and

cooling was achieved by heat exchangers that employed the principles of high

temperature short time (HTST) sterilization, while the containers were sterilized by

superheated steam (Mitchell, 1988).  The first commercial Dole system was
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installed in the early 1950’s in California for the production of soups (i.e. split pea

soup) and sauces (white, cheese and Hollandaise).  

Another historic development occurred in the early 1960’s and was

credited to Loelinger and Regez of Switzerland.  They attempted to extend the

shelf-life of fresh milk without refrigeration using low cost containers. Their

successful process used hydrogen peroxide to sterilize flexible packaging

materials used in the manufacture of the milk containers (Lopez, 1987).  In the

U.S., hydrogen peroxide was not approved by the FDA as a package sterilizer

until February, 1981 (Cousin, 1993).  This approval provided for the use of

laminates for consumer-size packages (Ramaswamy et al., 1995).

For approximately 30 years, from it’s inception in the late 1940’s and early

1950’s, aseptic processing witnessed relatively little change.  The use of plastic

paperboard cartons in the 1960’s was a significant landmark and led to the

gradual adoption of this package for UHT (Ultra High Temperature) milk.  A shift

in the relative prices of the can and thermoplastic-based packages, combined with

greater sophistication and performance of the later, has led to the realization that

thermoplastic-based packs offer not only a readily accepted package, but one

having economic advantages.  Largely because of economic considerations, but

also perhaps due to customer boredom with older style packages, there has been

a resurgence of interest in aseptic packaging composed of plastic and laminates,

particularly for holding fruit juices and juice-based products (Rao, 1992).  

Aseptic processing and packaging (APP) refers to heating continuously

flowing product to a temperature usually higher than 130°C, but rarely above

150°C, for several seconds to destroy vegetative cells and spores of
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microorganisms having public health significance.  Following cooling, the

product is aseptically packaged and hermetically sealed.  Rapid heating and

cooling of product streams make it possible to exceed temperatures used by

conventional in-can or in-bottle sterilization processes.  Rapid heating is possible

since product is heated by such methods as direct mixing with steam, indirect

heating in small diameter pipes, or in thin films between heat exchanger plates.

(Swartzel and Jones, 1983).

Desirable changes that occur during APP are inactivation of biological

materials such as enzymes, microorganisms and their spores.  Undesirable changes

are associated with loss of product quality (taste, color, nutrients, etc.).  Thus,

optimizing thermal processes to minimize product quality losses requires

knowledge of reaction kinetics of all quality attributes and the microorganisms.

APP favors process optimization in that increased process temperatures combined

with decreased holding times can yield the same lethal effect on microorganisms

while at the same time reduce the thermal destruction of desirable food product

components (e.g. denaturation of proteins).

The aseptic process involves sterilization of the product, sterilization of the

packaging material, and maintenance of sterility during the filling and sealing

operations.  In cases where product sterilization is achieved by heat treatments,

the time and temperature parameters applied can be determined by extrapolation

from TDT curves for spores of Clostridium botulinum and Bacillus

stearothermophilus.  The latter organism, in addition to others, is sometimes used

as a reference organism in the case of UHT milk processing (Burton, 1980).  
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Conventional thermal processes which consist of heating food after first

sealing in a can or other container requires long heating times, which imply very

high energy costs and greater product quality losses (nutrients, flavor, color).

Consequently, more rapid and efficient thermal processing technologies such as

HTST aseptic processing have become popular.  In 1989, the Institute of Food

Technologists described aseptic processing and packaging technologies as the

most significant innovation in 50 years.  

Aseptic processing can be described as a high temperature short-time heat

process for the continuous sterilization and packaging of foods.  The process

consists of four distinct operations carried out in a closed sterile environment:

1. sterilization and cooling of the product under appropriate heating, holding

and cooling conditions,

2. sterilization of the package,

3. aseptic filling of the cooled sterile product, and

4. aseptic sealing of the package.

The advantages of applying aseptic processing techniques are numerous and

include:

1. marketing advantages,

a. continuous sterilization offers optimum heat treatment which results in

more nutritious and better tasting products,

b. continuous sterilization is one answer to the food industry’s constant

search for innovative products, and

c. more uniform product quality from the use of a larger heat transfer

surface to product volume ratio.
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2. economy advantages,

a. lower product costs because of savings in energy and packaging (i.e.

rising cost of conventional cans),

b. extended product shelf life,

c. heat transfer is more efficient, (very high temperatures can be reached

rapidly and maintained for a very short time which translates to a

higher quality product.  As process temperatures are increased, bacterial

destruction rates also increase to a greater extent than product quality

deterioration rates), and

d. higher process efficiency.

3. technology advantages,

a. possibility of using a wide variety of packaging materials, shapes and

sizes,

b. the package does not have to be designed to withstand high

temperatures and pressures used for product sterilization since it is

sterilized independently by heating, chemically, or by other means.

Thus, new packaging materials may be available, and

c. new packaging systems are being developed. When APP was initiated

in the 1920’s metallic cans were used as containers for processed

foods.  Around 1960, flexible containers (plastic materials and

laminates) sterilized by hydrogen peroxide were introduced following

the approval of hydrogen peroxide for this application by the FDA in

1981.  Today, aseptic containers come in many different sizes and
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shapes, from individual packages to bulk storage tanks, including the

popular “bag-in-box”.

There are some limitations, associated with this technology.  APP usually

requires a substantial initial capital investment.  Moreover, some systems are

designed for a limited range of food products.  Control instrumentation for

delivering the processing heat treatment is also quite complex and sophisticated

(Reuter, 1989;  Marcotte et al., 1994).

2. Processing

Food preservation by thermal sterilization is accomplished in one of two

ways.  In the first method which is referred to as aseptic processing or UHT

processing, the food is first heated to achieve sterility and then placed in a pre-

sterilized container and sealed.  The second method is the conventional canning

method in which the food is first packed and sealed in a non-sterile container and

then heated. Sterility in both situations is described as a heat treatment that

results in the inability of microorganisms and their spores to grow under

conditions normally encountered in storage  (Jelen, 1983).  

A distinction is made between the processing of high and low acid foods.

In low acid foods, the combination of a pH greater than 4.6 and aw greater than

0.85 allows for Clostridium botulinum spores to survive and germinate.  For this

reason, aseptic processing generally requires at least a 12D process to assure a

high level of product safety (Ramaswamy et al., 1995).
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A. Aseptic Processing of Fluids

1. Methods

a. Principles of HTST sterilization

The terms HTST (High Temperature Short Time) and UHT (Ultra High

Temperature) describe the use of a process temperature higher than standard

temperatures used in conventional thermal processing.  In a HTST process, the

product is held at 71.7°C for 15 sec or 62.8°C for 30 min, while in the UHT

process the product is exposed to temperatures ranging from 138°C to 149°C for

even shorter periods.  The sterilization of canned foods is normally carried out by

heating the product in hermetically sealed containers for a sufficient time to

ensure that all portions of the food receive a minimum heat treatment.  Since the

packaged food is heated from the outside, different locations within the can

receive different heat treatments.  To achieve an adequate F0 at the slowest

heating point, other areas within the container are often overprocessed.  For this

reason there are several advantages for using a heat exchanger to uniformly

sterilize the product.  The use of a heat exchanger enables higher process

temperatures to be used for the sterilization process.  Furthermore, since there is a

logarithmic relationship between microbial inactivation and time and temperature,

significant reductions in processing times are possible.  For example, the rate of

heat inactivation of Bacillus stearothermophilus spores in milk increases 12.5

times for each 10°C rise in processing temperature (Burton, 1975).

The quality advantage which results from the use of the HTST or UHT

process is explained by comparing the slopes (z) of the thermal death-time curves
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(TDT) for microorganisms to the slopes which describe the loss of desirable

quality attributes of the food.  While the z value for bacterial spores is

approximately 10°C, those for thiamin destruction (Jackson et al., 1945;  Feliciotti

and Esselen, 1957;  Mulley et al., 1975), degradation of chlorophyll (Schanderl et

al., 1962;  Gupte et al., 1964), oxidation of ascorbic acid (Evenden and Marsh,

1948), and the denaturation of serum proteins in milk (Lyster, 1970) average

about 33°C.  Theoretically, the higher the processing temperature for any

sterilization process, the better the product quality.  In practice this is limited by

mechanical considerations and the possibility of enzyme survival.

b. Kinetic advantage of UHT processing

Holding times for UHT processing are short relative to the time needed for

conventional canning to achieve the same sterilizing effect.  Microbial and

biochemical changes occurring in the product are affected differently at varying

temperatures and times.  Because of the much smaller z values associated with

microorganisms, D values change more rapidly with changes in temperature in

comparison to the z values associated with chemical reactions affecting product

quality and nutrition.  For example, a 6D sterilization process (D123= 2 min) for a

spore at 123°C is 12 min.  This time/temperature combination corresponds to

around a 1D process (90% loss) for specific quality factors (D123= 12 min).  The

same 6D process for the spore at 142°C will only result in a 25% loss in quality

factors  (Swartzel, 1983).  The kinetic advantage of UHT processing maximizes

the desirable effects (microbial reduction) while minimizing undesirable thermal

effects (quality loss)  (Fig. 3).
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Figure 3. Time temperature relationships for spore destruction and quality degradation

levels.

Few methods exist for obtaining kinetic data at high temperatures

(≥130°C) and short process times (≤4 sec).  Some well established methods for

collecting kinetic data include the use of thermal death time (TDT) tubes, TDT

cans, capillary tubes and a thermoresistometer (Stumbo, 1973).  More recently,

differential scanning calorimetry (DSC) has been used for generating kinetic data

(Grieme and Barbano, 1983;  Lund, 1983).  All of these batch methods require

relatively small representative samples and thus may not be indicative of actual
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continuous flow conditions.  Small batch sizes limit the ability to make

comparisons between objective and subjective evaluations.  A more recent

method utilizing a nonisothermal reactor was developed to eliminate these

problems (Swartzel, 1983).    

Public health must always be considered in the design of any thermal food

process.  Since thermal destruction follows a logarithmic pattern, total destruction

of all microorganisms can not be theoretically accomplished.  In citing several

historical references, Lund (1975) discussed this point in relation to Clostridium

botulinum.  A minimum design criterion of F0 = 2.45 min was established as a 12D

destruction ‘bot cook’.  However, spoilage is generally due to the survival of

spores more resistant than C. botulinum.  To balance the destruction rates of

these heat resistant spore-forming bacteria with the heat-induced physical and

chemical changes in the product, a F0 of 5 min has been generally accepted for

low acid, aseptically processed and packaged foods.  Nonetheless, for all aseptic

processes the proposed F0 value recommended by the different process

authorities must first be approved by the FDA.  Process authorities are

organizations recognized as being able to determine if a process satisfies all

applicable regulations and results in a safe product.

Assuming that the thermal treatment must satisfy the requirement of F0 = 5

min., a product heated to 121°C must be held for 5 min, at 135°C for 12 sec and at

143°C for 1.8 sec (Figure 4).  To avoid over processing of the product, both

heating and cooling steps should be taken into consideration.  Since cooling

products processed at higher temperatures is generally rapid and contributes to

the overall thermal treatment, it will be omitted in this discussion.  However, if
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process temperatures are low, the overall impact of cooling on the required

thermal treatment may need to be considered.
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Figure 4. F value versus a z temperature of 10°C.

2. Enzyme inactivation

A short come-up time is good for maintaining product quality provided

enzyme survival is not a limiting factor.  A concern with the application of HTST

processes is to ensure complete enzyme inactivation.  In conventional canning,

the time and temperature employed, which are determined by the heat resistance

of the spoilage bacteria, are generally adequate to destroy most enzymes.
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However, with HTST processes the treatment may be insufficient for this purpose

due to the differing rates of enzyme versus bacterial spore inactivation.  The

higher z value required for enzymes favors their survival in the HTST temperature

range.  The result of studies on the thermal destruction of peroxidase in

vegetables have established z values from 28-44°C, while that for bacterial spores

is in the area of 10°C (Esselen and Anderson, 1956).

B.  Aseptic Processing of Particulates

1. Background

In the U.S., there are currently more than 500 commercial aseptic fillers

systems devoted primarily to liquid foods (milk, fruit juices, etc.).  However, the

success and efficiency of aseptic processing makes it equally applicable for

continuous sterilization of liquid foods containing large particles. Ramaswamy

and co-workers (1995) suggested that there are considerable opportunities for

the development of new aseptic shelf stable products containing particulates that

were previously marketed as frozen or refrigerated.  Until recently the FDA has

withheld acceptance of aseptic processing of liquids containing particulates until

reliable data is made available on several major aspects of the process: fluid /

particle heat transfer coefficients, residence time distribution of particles in the

holding tube, and demonstrated assurance that the slowest heating / fastest

moving particles have achieved a sufficient thermal treatment to be safe for

human consumption (Marcotte et al., 1994).  

When processing particles in a continuous aseptic system, a major

challenge is to insure that the intact particles flow through the system in a
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homogeneous manner.  This challenge is best addressed using a scraped surface

heat exchanger (SSHE) which consists of a double wall tubular heat exchanger in

which product is conveyed through the inner tube while steam passes through

the outer tube.  A mechanical arm located within the product tube continuously

scrapes the heat transfer surface which helps to maintain the particles in

suspension.  It is important to realize that in a continuous flow system that all

particles do not remain in the heat exchanger for the same length of time.

Particles residing near the wall (boundary layer), at the entrance and the exit of

the heat exchanger, or in dead areas flow more slowly than those traveling in the

center of the heat exchanger  (Danckwerts, 1953).  Therefore, the residence time

of particles inside the system is not a fixed value but follows a distribution of

times  (Burton, 1988).  This residence time distribution of food particles is

influenced by the nature of the processed food including the characteristics of

the carrier fluid and the food particles.  The fluid characteristics include:

composition, concentration, density, flow rate and rheological properties while

the particle characteristics include composition, size, shape, density and particle to

carrier fluid concentration ratio.  

Factors to consider in the processing system include: temperature, the type

of pumping system, conveyor and pump speeds and configurations, heat

exchanger orientation, and holding tube length and diameter.  Due to the

complexity of the aseptic system, RTD can not be calculated using only volume

and flow rate data because laminar or plug flow can not be assumed  (Janssen,

1994).  Moreover, it is critical that the residence time of the fastest and largest

particle be sufficient for that particle to have achieved commercial sterility.
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a. Residence time distribution (RTD) in aseptic processing of particulate

foods

Aseptic processing techniques have been successfully applied to liquid

foods and acid foods containing discrete and fine particulates.  However, the

extension of aseptic processing to heterogeneous low-acid liquid foods

containing large discrete particulates has been difficult due to the lack of data on

critical factors such as interfacial heat transfer coefficient between the liquid and

the particle (hfp) and the residence time distribution of particles in the holding

tube of the aseptic system.  Conventional thermal processing calculations can not

be employed for the validation of these processes because of the difficulties

associated with gathering experimental time-temperature data at the particle

center as it travels through the aseptic system.  Both hfp and RTD depend on

several factors which may also be interdependent: rheological properties, flow

rate, temperature, and density of the carrier fluid;  shape, density and

concentration of the solid particles;  and the holding tube diameter and length.

The rheological properties of the carrier fluid have been shown to influence fluid

velocity in the holding tube, and intuitively the food particle RTD in both heat

exchangers and the holding tubes  (Marcotte et al., 1994;  Ramaswamy et al.,

1995).

In the absence of experimentally derived values for temperature

dependence, mathematical modeling is a useful alternative for establishing the

aseptic process parameters of particulate fluids (Heldman, 1992).  The most critical

factors for developing mathematical models that describe commercial aseptic

processes were identified as particle size and shape, the fluid particle heat transfer
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coefficient, and the residence time distribution in the heat exchanger and the

holding tube  (Digman et al., 1989;  Heldman, 1989;  Heldman 1992;  Rao, 1992).

i. Requirements for aseptic processing of particulate foods

There are stringent regulatory requirements in North America for the

commercial application of aseptic processing to low acid liquid foods containing

particulates.  The major concern has been the difficulty of obtaining experimental

time-temperature data required for predicting the sterilization value delivered by

the thermal process.  A graphical representation of the time-temperature profiles

for liquids throughout the aseptic processing system is illustrated in Figure 5

(Datta, 1991).  
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Figure 5. A graphical representation of time-temperature profiles for liquids in the

aseptic processing system  (Datta, 1991).
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With particulates, the prediction of these profiles is extremely difficult

although regulations require that the accumulated process lethality (Fo) be

calculated:

F0 = E t( )
0

t

∫ ×10
Tc −Tr( ) / z

dt (Datta, 1991)

The use of mathematical models allows maximum flexibility concerning

process alternatives while minimizing the extent and cost of process testing.  A

mathematical model is generally used to estimate the minimum residence time

required under the specific conditions necessary to produce the desired lethality.

To accomplish this task information is required on the particle to fluid heat

transfer coefficient (hfp), particle size, particle shape and thermo-physical

properties of the food particle. Both heat transfer and residence time distribution

are affected by the fluid flow rate, physical properties and dimensions of the

holding tube, and the rheological properties of the carrier fluid (Heldman, 1989;

Chandarana et al., 1990).  The associated heat transfer coefficient is critical

because it affects the time-temperature profile and hence the resulting lethality in

the critical food particle.

ii. RTD of food particles in aseptic processing systems

RTD for homogeneous fluid foods flowing in a typical aseptic system have

been studied extensively (Heppell, 1985).  However, introduction of particulates

into liquid foods increases the complexity of the flow conditions.  While the

fastest particle residence time is required for process calculations, the residence

time for the majority of the particles will ultimately determine the final product

quality.
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Residence time distribution can be defined as the length of time that

different elements spend in the system.  Residence time of the fastest moving

particle in the heating and holding sections of the aseptic system is very

important from a public health standpoint.  Of equal importance to product

quality is the determination of the mean and maximum particle residence times

(Singh and Lee, 1992).

Both heat transfer and residence time distribution factors are related,

especially with reference to the rheological properties of the carrier fluids.  The

degree of turbulence in an aseptic system is estimated from the dimensionless

Reynolds number which contains a viscosity term:

( ρ  × Uf × D )  / µap

With non-Newtonian fluids, viscosity is a function of shear rate (flow velocity)

and the prediction of residence time distribution is more challenging because

distorted velocity parabolas are likely present (Richardson and Selman, 1991).

Knowledge of the RTD of food particles in the heat exchanger and holding

tube of an aseptic system is an integral part of the thermal process since the

temperature at the slowest heating point of a particle is a function of both time

and heating rate.  The RTD, symbolized as [E(t)], can be defined as the fraction of

material in the outlet stream that has been in the system for a time between t and

t+dt.  RTD can be used as a diagnostic tool to precisely determine and give

reasonable predictions of the performance of aseptic systems.  The RTD of food

particles is thus a system parameter that is essential for establishing and assuring

final product specifications.  This system parameter is influenced by several
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related and dependent factors associated with the food material and the

processing system (Abdelrahim et al., 1993a,b).

For aseptic processes involving low-acid particulate foods, a critical factor

that influences RTD is the relationship between particle size and the distribution

of liquid velocities within the heat exchanger and the holding tube.  The type of

heat exchanger, its orientation, as well as the configuration of the holding tube

are also critical factors that influence the flow characteristics and consequently

describe residence time distribution (Lalande et al., 1991).  Recently, several

research groups have investigated the RTD of simulated and real food particles in

SSHE and holding tubes.  These studies were conducted using only one part of

the aseptic system (SSHE or holding tube) at below boiling temperatures under

atmospheric pressure conditions (Yang and Swartzel, 1991;  Yang and Swartzel,

1992;  Ramaswamy et al., 1995).

iii. Theoretical background of RTD

The RTD can be described as an E function (population density function)

or F function (cumulative density function) through the introduction of tracer

particles at the entrance of the aseptic system and their detection as they exit the

system.  Typical tracer input patterns include the step, pulse, sinusoidal and

random sequence  (Fig. 6).
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Figure 6. Typical tracer input patterns for determining RTD in continuous processing

systems.

The step, pulse and sinusoidal inputs are easy to apply and are easy to

analyze mathematically.  Although similar information can be obtained with these

different techniques, the step and the pulse functions are not frequently used.

When describing a liquid system, the RTD can be determined by injecting a tracer

dye into the system at the entrance port and measuring the change over time in

the dye concentration at the exit port.  It is virtually impossible to produce an

exact step function experimentally but it can be reasonably approximated by an

input with a fast rise time compared to the process response time.  The advantage

of the step and impulse inputs is that all of the process information is gathered

from a single input response.  Thus, experimentation is more economical.  The
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major disadvantage is that the necessary process information is packed into a

small amount of output response.  The E function gives the RTD of the fluid and

particles or exit time distribution for any non-ideal flow.  A typical E curve is

shown in Figure 7.  

Total area = 1

t1
Time (sec or min)

Fraction of exit 
stream
older than t 1

E-type Curve for RTD

P
op

ul
at

io
n 

D
en

si
ty

 {
E

(t
)}

C
um

ul
at

iv
e 

D
en

si
ty

 F
un

ct
io

n 
{F

(t
)}

0.5

0

F-type Curve for RTD

Time (sec or min)

Figure 7. Typical E and F curves for RTD studies in aseptic systems.

The F function is related to the E function by measuring the output

response when a step change of tracer is introduced.  Consequently, the F

function represents the accumulation of the particles at the exit having a

residence time of t seconds or less  (Figure 7).

The theoretical determination of RTD is usually based on the ideal

assumption of either plug flow or perfect mixing conditions.  Plug flow is

expressed as:

F(t) = 0 ;  t < tm

F(t) = 1 ;  t ≤ tm
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whereas perfect mixing is expressed as:

F(t) = 1 - e-t/tm

The required condition for plug flow in tubular reactors is: over any cross-section

normal to the fluid motion the mass flow rate and the fluid properties are uniform

and there is only negligible diffusion relative to the bulk flow (Denbigh and

Turner, 1984).  Thus, the velocity profile is distinctively flat meaning that all fluid

elements have the same residence time.  

A perfect flow model usually prevails in continuous stirred tank reactors

(CSTR) into which there is a continuous flow of reacting material that is

thoroughly mixed to the extent that the exit stream has the same composition as

the mass within the reactor  (Ramaswamy et al., 1995).  

iv. Supporting studies

Several studies have been reported to estimate the RTD in continuous

sterilization and pasteurization systems of liquid foods.  These studies were only

applicable to liquid foods and did not consider two-phase flow.  RTD for

homogeneous liquids in these systems can be easily determined by introducing

either radioactive tracers or dyes into the stream.  

Solid-liquid two phase flow has been widely discussed with reference to

long distance transportation of mineral slurries.  These studies have dealt mainly

with high density solids, Newtonian carrier fluids, small particle-to-pipe diameters,

and the predominance of turbulent flow conditions.  Zandi (1971) categorized the

flow of two-phase systems into five groups: homogeneous, heterogeneous,

intermediate regime, saltation and capsule flow.  
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1. Homogeneous flow occurs when light weight and very fine particles are

encountered, or when the mean flow velocity is sufficient to keep a uniform

suspension throughout the flow vessel.  

2. Heterogeneous flow is characterized by a large density gradient in the flow to

the extent that the two phases behave like separate streams due to the

presence of coarse-dense particles.  

3. An intermediate flow regime results from the co-existence of both

homogeneous and heterogeneous flow conditions.  

4. Saltation flow occurs when the particles form a bed at the bottom of the flow

vessel and proceed in discontinuous jumps.  

5. In capsule flow, the solids are packed in cylindrical capsules of a diameter

slightly smaller than the internal pipe dimensions and are transported in series.

None of these flows exactly describe the flow of a liquid/fluid particle

mixture although some researchers argue that capsule flow is relevant to aseptic

processing especially when particles of 20 mm and larger are considered.  Very

little is known about two-phase flow under bounded regions such as aseptic food

processing systems where the carrier liquid medium is usually non-Newtonian and

the particles are heterogeneous in composition and irregular in shape.

v. RTD determination of food particles

Numerous investigations have been focused on estimating the RTD of

liquid foods containing particles in aseptic processing systems.  Most studies

were conducted using simulated particles such as polystyrene spheres, alginate

beads or rubber cubes.  Furthermore, numerous techniques for studying RTD of
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solid/liquid two-phase flow have been explored  (Yang and Swartzel, 1991;  Yang

and Swartzel, 1992;  Ramaswamy et al., 1995).  These methods include visual

observation, photography, laser beam, play-back videotaping, radioactive tracers

and magnetic response. Each of these different techniques require specific

experimental designs and the use of various types of particles and liquid media.

1. The visual observation method includes observing with the human eye with

the help of a stop-watch to calculate the residence time of simulated food

particles through a transparent polystyrene tube as influenced by particle size,

density and initial input location of the particle.  Videotaping can also be used

in calculating RTD of particles passing through transparent tubes.  

2. In the photography method, a stroboscope slit and camera are used to

determine the instantaneous local velocity of the particles.  The photography

method is similar to videotaping though it operates in a discontinuous fashion.  

3. In comparison, laser beams can be conveniently applied to precisely

determine the local velocity and concentration of particles.  However, the

optical emission instruments and laser beam signal processing systems are

quite expensive.  

4. Radioactive tracers alleviate some of the problems associated with visual

methods such as the requirement for transparent/clear fluids and tubes.

Scintillation probs are used to detect the intensity of gamma-rays emitted by

the particles as they pass through the system.  A major concern of this

technique is the health hazard involved with handling radioactive materials

and their disposal.  In addition, only one particle can be monitored at a time.  
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5. The magnetic response method employs a magnet tracer which changes an

electromagnetic field when passing through the detector (Figure 8).  An

example of a new generation of magnetic response detectors is the Hall effect

sensor. These sensors produce outputs that vary linearly with the strength of

the magnetic field (i.e., the closer the magnet/particle to the sensor, the greater

the output voltage).  This feature allows for the determination of particle

position.

Carrier Fluid

Particle containing magnet

To sensor array input

Holding Tube

Hall Effect 
Sensors

Figure 8. Typical design of the Hall Effect sensors around the holding tube.

As previously indicated, the conditions required for aseptic processing of

low acid liquid foods containing particles are not accurately described as either

plug flow or perfect mixing.  Non-idealistic conditions such as channeling and

dead space can occur.  Channeling flow occurs when a portion of the tracer

emerges from the reaction vessel in an unusually short period of time.  This type
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of event takes place when the feed and exit ports of the reactor are close

together.  Dead space, however, occurs when some of the feed is retained in the

reactor around corners, baffles, elbows, tube connections or other sites.  These

obstructions cause an overall reduction in flow.  Dead space is also known as

‘hold-back’ and is common with ideal mixing reactors (Danckwerts, 1953).  This

flow may be viewed as opposite to the channeling type flow.  

In the aseptic processing of particulates, ideal flow would be characterized

as plug flow having adequate homogeneity.  However, plug flow has slow heat

transfer characteristics due to a lack of radial and axial mixing.  Conversely,

perfectly mixed flow is characterized by intensive agitation which promotes heat

transfer but boardens the RTD (Lee and Singh, 1991).

b. Heat transfer

Particulate foods are heated and cooled by conduction through several

types of heat exchangers.  External heat is applied to the outside of each particle

which moves inward from molecule to molecule until the center is reached.  Heat

transfer by conduction depends upon a temperature gradient from the outside to

the center of the particles, with the conduction rate varying due to size, shape

and composition of the particles.  The smaller the particles, the faster the desired

center temperature can be reached.  When there is a wide range in particle sizes,

small particles may be overheated before larger particles are adequately heated

(Riez and Wilson, 1964).

Transfer of heat by free convection depends upon the expansion of fluids

(liquid or gas) with rising temperature.  The expanded fluid, being less dense, rises
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while the heavier, cooler liquid sinks.  Products are uniformly heated from below

or cooled from above as a result of the convection currents that are created.

Mechanical circulation is often used to supplement and accelerate heat transfer

by convection.  A third kind of heat transfer is radiation where heat is transferred

from one body to another by means of radiant energy passing through the space

(Riez and Wilson, 1964).  

In most heat exchangers heat is generally transferred to a product by a

combination of conduction and convection, whereas radiant transfer is secondary

except where radiant and dielectric heaters are used.  Heat always flows from a

field of higher temperature to that of a lower temperature.

Heat exchanger calculations are typically carried out to determine the

surface area of a heat exchanger required to heat or cool a product to a desired

temperature.  The quantity of material being processed, the properties of the

materials, the process, the type of heat exchanger, and the heat exchanger

medium all enter into determining the required amount of surface area.  The heat

exchanger surface area is the major consideration in the selection of the proper

size of heat exchanger  (Riez and Wilson, 1964).  The heat transfer equation is

defined as: A = Q / (U × ∆T) (Riez and Wilson, 1964).

i. Heat transfer calculation

In order to calculate the actual heat transfer throughout an aseptic

processor, it is always necessary to first determine the actual temperature

difference existing on each side of the heat transfer surface.  This calculation is

simple when the temperature is uniform across the heated medium.  However, in
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figuring heat transfer through condensers or double pipe heaters or coolers,

where the inlet and outlet temperatures vary, a true temperature difference

between the heating or cooling medium as the product temperature increases is

expressed as the log of the mean temperature difference  (Whitaker, 1985).  The

average temperature (Mtd) is given by the following formula:

Mtd =
∆T − ∆T

2.3log
∆T
∆T

where  ∆T > ∆T

For conditions where ∆T < 2×∆T and the simple arithmetic value is within 4% of

the logarithmic value, the following formula can be used to obtain an accurate

Mtd value:

Mtd =
∆T + ∆T

2
(Whitaker, 1985).

ii. Conduction

1. General

Conduction is defined as the passage of heat from one end of a material to

the other end.  The conductivity of a substance (K) is based on the energy

transmitted per time, per area, per thickness, or per degree difference in

temperature on the two sides of the plane.  This constant value (K) varies for

different materials.  Thermal conductivity does change slightly with temperature,

but in many applications it can be regarded as a constant  (Whitaker, 1985).  The

Fourier equation for heat conduction represents the heat transfer over time:

dQ/dt = (km × A × ∆T) / L
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2. Conduction through a slab

The energy transmitted over time through a slab is described by the

following equation:

q = (k × A × ∆Td ) / L

The overall conductivity of the heat transfer wall is greatly influenced by

the conductivity of the surface film of the heating fluid and the material being

heated, such that the conductivity of a metal wall is less important than the

conductivity of the surface film (Earle, 1966).  The conductivity of the system can

be greatly increased if the two films move rapidly over the surfaces.  Under such

conditions, the surface film of the two products is kept at a minimum.  It has been

found that when a liquid or gas is in contact with a solid surface there is a

relatively stationary film of liquid or gas on the surface wall.  This film layer thins

as its velocity across the surface increases and may break away from the solid

wall at very high velocities.  Heat is transmitted only by conduction through this

film although as soon as the heat has penetrated through the film, the heat is

absorbed and carried away by the main fluid body.  Most liquids and gases are

very poor conductors of heat which means that the liquid films, if moving slowly,

offer a great deal of resistance to heat transfer.  It is important to note that the

factors causing elevated film resistance to heat transfer are: (i) low fluid velocity,

(ii) high fluid viscosity, (iii) low fluid conductivity, and (iv) lack of turbulence in

the film adjacent to the heat conducting surface  (Earle, 1966).

Heat conduction in parallel can be represented using the following formula

∑q = q1 + q2 + ... + qn = (A1 × K1 × ∆T) / L + ... + (An × Kn × ∆T) / L
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while heat conduction in series can be expressed as

∑q = U × A × ∆T = (A × ∆Td )/ {(L1 / K1) + (L2 / K2) + ... + (Ln / Kn)}

Un = 1 / (Ln / Kn)

iii. Convection

With convection heating there are actual currents established in a liquid

such that the movement of the liquid actually carries the heat from one location to

another.  Since warm water is lighter than cold water it will rise while cold water

settles, thus forming a current which aides in mixing the product.  It is necessary,

however, to heat the product on or near the bottom for the circulation to take

place.

1. Natural convection

Heat transfer by natural convection occurs when a fluid is in contact with

a surface hotter or cooler than itself.  As the fluid is heated or cooled its density

changes.  Buoyancy removes the fluid which has been heated or cooled and

replaces it by fresh fluid to enable the heat transfer to continue.  It has been

found experimentally that convection heat transfer can be described in terms of

factors grouped in dimensionless numbers:

Nusselt number (Nu) = (hc × D / k)

Prandtl number (Pr) = (Cp × ρ / k)

Grashof number (Gr) = D3 × ρ3 × g × ∆T / η2
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The most general equation for natural convection is:

(Nu) = K × (Pr)l × (Gr)m × (Lp / D)n

(Earle, 1966).

2. Forced convection

Forced convection heat transfer occurs when fluid is forced past a solid

body and heat is transferred between the fluid and the body.  The higher the

velocity of the fluid, the higher the rate of heat transfer.  In heating or cooling

inside a circular tube where there are moderate temperature differences and where

tubes are reasonably long and where turbulence is fully developed (Re ≥ 2,100

and Pr > 0.5), the Nu number is calculated using the following equation:

(Nu) = 0.026 × (Re)0.8 × (Pr)0.4

For more viscous liquids, the surface heat transfer will be affected

depending on whether the fluid is heated or cooled.  Under these conditions Re >

1,000, viscosity effects are accounted for by using the equation:

(Nu) = 0.027 × (η / ηs)
0.14 × (Re)0.8 × (Pr)0.33

(Earle, 1966).

iv. Heat load

In a typical heat exchanger, the product either gains or loses heat as

expressed in kilowatts.  If the product changes state (such as freezing, melting,

vaporizing or condensing) additional factors must be taken into account such as

latent heat.  When no change of state is involved, the total heat load is calculated

by the equation:
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 Q = m × c × ∆Tp

Approximate specific heats above and below freezing are calculated for most

fruits and vegetables based on the average percent water in each product.  They

are sufficiently accurate for approximate calculations.  During a change of state,

latent heat is absorbed or released in amounts which vary with the material, the

temperature and the pressure.

Heat can also result from an input of mechanical power or friction heat

from pumping or agitation which increases as the viscosity of the material and the

total power input per unit of product increases.  In estimating mechanical heat

from friction, the shaft power (in kilowatts) is added to the product.

Food processing operations may, although uncommon, involve exothermic

or endothermic chemical reactions which either release or absorb heat thus raising

or lowering the temperature of the product or mixture.  These factors must be

considered when present (Riez and Wilson, 1964).

v. Overall heat transfer coefficient

Heat flow from a surface of higher temperature to one of a lower

temperature is represented by the symbol U.  This overall heat transfer coefficient

is expressed as the number of kilowatts per centigrade temperature difference per

area of heat exchanger.  The value is effected by the fluid viscosity, the thickness

and cleanliness of the heat exchanger surface, and by the nature and degree of

agitation of the heat exchanger medium and the product which is being heated or

cooled.  



40

When considering the transfer of heat through a metallic wall, the wall is

considered to be only one of five barriers to the transmission of heat.  Scale or

fouling on both sides of a wall, the stagnant film of the heat exchange medium on

one side, and the material processed on the other side constitute the other four

barriers.  Stagnant film and scale are the greatest barriers to efficient heat transfer

while the wall material is ordinarily less important such that any suitable material

(metal or glass) with a higher resistance to heat transfer is used for indirect heat

exchanger walls.

Since U values vary for different materials and with different types of heat

exchangers operating under many possible conditions, values for U are rarely

published   (Riez and Wilson, 1964).

1. Logarithmic mean temperature difference

The ∆T represents the driving force which causes heat to flow from the hot

side to the cold side in indirect heat exchangers.  The temperature difference is

not a constant but varies as the product moves through a continuous indirect

heat exchanger.  When using the logarithmic mean temperature difference, it is

assumed that the following conditions exist:

1. there is no change of state,

2. flow rates remain constant,

3. specific heat remains constant through the heat exchanger,

4. the overall heat transfer coefficient U remains constant throughout the heat

exchanger,  and

5. viscosity is constant.
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When performing calculations to estimate the size of the heat transfer

equipment needed, these five conditions are assumed to be constant.  If wide

variations exist they should be taken into consideration.  Testing of the product

in a pilot heater that  duplicates actual conditions may give more reliable data for

calculating the required heat transfer area  (Riez and Wilson, 1964).  

2. Overall particulate-liquid thermal energy balance

The overall thermal energy balance for a particulate-liquid food system can

be used to calculate the associated convective heat transfer coefficients.  The

governing equation for heat transfer in such systems can be written as (Deniston

et al., 1987):

U × Ac × TR − T f( ) = m f × Cpt ×
dTf

dt + mp × Cpp ×
d Tp

dt

The following factors are assumed for deriving the above equation: uniform

initial temperature for the particles, uniform initial and transient temperatures for

the liquid, constant heat transfer coefficients, physical and thermal properties for

both fluid and particles, and no energy accumulation in the wall.  The second term

on the right side of the above equation is equal to the heat transferred to particles

from the liquid across the particle surface:

mp × Cpp ×
d Tp

dt = hfp × Ap × Tf − Tps( )
The heat flow in a spherical particle immersed in fluid can be described by

the following partial differential equation (Ozisik, 1985):

∂ T
∂t = α p × ∂ 2 T

∂r 2 + 2
r + ∂T

∂r( )
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The initial and boundary conditions are:

T r ,t( ) = Ti at t=0

∂ T r, t( )
∂r = 0 at r=0

kp × ∂T r ,t( )
∂r = hfp × T f − Tps( ) at r=R

(Sablani and Ramaswamy, 1996)

vi. Determination of heat transfer in a food system

Currently most experimental measurements of the fluid-particulate heat

transfer coefficients in heat exchangers and holding tubes involve stationary

particles.  The minimum heating time required, predetermined by the above model,

has to be coupled with RTD data for the aseptic system.  It is necessary to ensure

that the largest and the fastest traveling particle will have a residence time at least

as small as the model predicted time (Ramaswamy et al., 1995).  

Balasubramaniam and Sastry (1996) estimated the convective heat transfer

coefficient (hfp) between fluid and particle in a continuous tube using a

temperature pill (Human Technologies, Inc., St Petersburg, FL).  This remote

electronic temperature sensor uses a quartz crystal as the temperature sensing

element.  The temperature pill was inserted in a particle moving through the

system which allowed for the recording of the temperature history of the particle.

As expected, hfp increased with increasing flow rates.  The authors suggested that

the ideal temperature sensor should: (i) be small enough to not interfere with the

particle dynamics;  (ii) be capable of either transmitting signals to an external

receiver without interference or alternatively possess built-in data storage

capabilities;  and (iii) be able to measure transient temperature changes up to the
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sterilization temperature range.  It appears that none of the currently available

sensors satisfy all of these requirements.

2. Problems

Until recently, the FDA has withheld their acceptance of continuous

aseptic processing of fluid / particulate food systems until reliable data is available

for fluid-particle heat transfer coefficients, residence time distribution of particles

in the holding tube, and demonstrated assurance that the slowest heating-fastest

moving particles have achieved sufficient thermal treatment to be safe for human

consumption (Simunovic et al., 1995).

Hersom and Shore (1981) stated that in order to aseptically process

particulates, several factors should be taken into consideration:

1. the limiting effect of particle size on the heat penetration rate into the solids,

2. the possibility of enzyme survival,

3. the difficulty of handling fragile solids without damage, and

4. the lack of suitable hardware for processing and filling such foods.

In 1993 Nelson stated that there were more than 500 aseptic packaging

systems in commercial operation in the U.S.  The current technology is primary

limited to liquid foods, but there is considerable interest to extend this technology

to low acid liquid foods containing large particulates (Lund, 1993;  Ramaswamy

et al., 1995).  The previous problems facing the establishment of a process for

continuous heat-hold-cool sterilization of low acid liquid foods containing

particulates were: (i) the absence of a mechanical means for physically handling

foodstuffs while maintaining proper particle distribution and particle integrity,
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and (ii) the assurance of commercial sterility with minimal quality loss (de Ruyter

and Brunet, 1973).  The first problem was successfully resolved by using scraped

surface heat exchangers (SSHE) or tubular heat exchangers with a displacement

pump (Lee and Singh, 1990).  The greatest challenge is the establishment of a

microbiologically safe process for particulates without sacrificing essential quality

factors.  An appropriate thermal process can be determined if accurate time-

temperature data measured at the slowest heating point within the largest and

fastest particle flowing through the aseptic system is known.  The establishment

of thermal processes for liquid foods undergoing aseptic processing is reasonably

simple because the liquid temperature can be measured at any point of interest

(Rao, 1992).  Heat penetration measurements for a food particle traveling through

an actual aseptic processing system are difficult to obtain and not practical at the

present time without restricting the free movement of the food particles (Sastry,

1986;  Lund, 1987;  Lee and Singh 1990;  Heldman, 1992;  Maesmans et al.,

1994).  

3. Current solutions

a. TWINTHERM

The Alfa-Lavel company attempted to solve the problem of particulate

sterilization with its TWINTHERM process.  In this method, liquid and

particulates are aseptically processed under separate time and temperature

conditions and then combined at the aseptic filler.  Although the system is

considered as an overall continuous process, it combines a batch process for the

solids with continuous processing of the liquid phase (Anonymous, 1992).
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b. Jupiter

There is a number of systems available for the continuous sterilization of

liquid products containing discrete particles.  These systems include tubular heat

exchangers, swept or scraped surface heat exchangers, the Jupiter system and the

Ohmic heating (resistance heating) apparatus (Murray, 1985).

Similar to the TWINTHERM system, the Jupiter system heats and cools

food particles using a sequential batch method while the carrier fluid (especially

heat sensitive fluids) is processed in a conventional continuous heat exchanger

system.  Once sterilized, the solids and liquid are mixed together in a sterile

environment before filling into containers (Holdsworth et al., 1989).  The

sterilization of the particles in this system is achieved by using a double cone

aseptic processing vessel which rotates about a central axis into which steam is

passed under pressure.  Such a design and operational mode provides better heat

transfer to the particles.  The particles are heated by steam and its condensate.

Following heating the steam in the double cone is replaced by sterile air while the

steam supply is replaced by cooling water.  The vessel continuous to rotate,

cooling its contents consisting of food particles and carrier fluid.  At the end of

the cooling cycle, the vessel rotation is stopped and the fluid is removed through

a drain valve.  The fluid may be retained for use in a subsequent batch or for  any

other purpose as determined by the final product  (Hersom and Shore, 1981).  This

process provides minimum mechanical damage to the particles while overcoming

the problem of excessive sterilizing of the liquid product.
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c. Ohmic system / Multitherm system

Two other processing systems involving rapid heating are of these

methods are the Ohmic system (APV) which incorporates electrical resistance

heating and the Multitherm system (Alfa Star) which incorporates microwave

heating  (Biss et al., 1989).  

The Ohmic heating process applies resistance heating within a continuous

flow of an electrically conducting liquid.  Heating occurs when an electric current

passes through an electrically conducting product.  Ohmic heating can be applied

to food-based liquids which contain particles.  Most foodstuffs which contain

water in excess of 30% and dissolved ionic salts have adequate conducting

properties to be suitable for Ohmic heating.  Non-ionic materials such as fats, oils,

sugars, syrups or tap water are not suitable conductors.  This technique permits

rapid, uniform and thorough heating of both the liquid and particulates without

the need of hot, heat transfer surfaces.  Furthermore, rapid response and accurate

temperature control of the product can be easily achieved (Biss et al., 1989).

However, for mixed (heterogeneous) products, an Ohmic system should not be

used because of the differences in heat conductivity of the ingredients.

d. APV Paracel Pasteurizer

The APV paracel pasteurizer is a tubular heat exchanger specifically

designed to handle fruit juices containing cellular material.  It can, however, also

form the basis of a HTST system in which small particles are to be processed with

minimal damage (Hersom, 1985).
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e. Other

The absence of fully acceptable continuous particulate sterilizer has

triggered several attempts by food engineers to invent such a device, or at least

suggest a theoretical solution.  Several approaches have been proposed.

1. One suggested solution was described in a patent entitled ‘Continuous

pressure cooking apparatus’ (Hirahara, 1980).  In this apparatus particles enter

a high pressure cooking chamber containing a hot sauce.  The pressure in the

chamber is maintained by a pair of rotary valves while particle movement in

the chamber is accomplished by a screw conveyor.  The main disadvantage of

this proposed system is that the pressure in the inlet and the outlet is

constantly changing which varies the temperature.  Furthermore, particles are

exposed to very drastic changes in pressure while entering and exiting the

apparatus.  Dry particles are exposed to a high pressure before being

discharged into the hot sauce.  At the discharge port, the mixture of sauce and

particles is exposed to another pressure shock (high to low) which may effect

product appearance, texture and integrity.

2. Sawada and Merson (1986) proposed a batch sterilizing process similar to the

continuous pressure cooker.  Their method employed a water-fluidized bed

system for sterilizing spherical particulates intended for aseptic filling.  The

feasibility of their system was analyzed using empirical equations for air-to-

particle heat transfer.  No experimentation was conducted to verify their

system.

3. The Steripart system, known also as signal-flow fraction-specific thermal

processing (Single-Flow FSTP) technology, was developed in 1985 by the
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Stork company of The Netherlands (Hermans, 1991).  In this system the

retention time of the particulates is controlled by employing specially

designed sieves.  Particles are removed from the carrier fluid in the hot hold

section of the aseptic system through the sieving action in order to increase

their retention time.  They claim that the time-temperature profiles of each of

the fractions (solids or liquid) are independently controlled with a high degree

of flexibility and accuracy.  The above system is based on a design called a

‘Selective Holding Tube’ which is described as a continuous time-adjustable

temporary separating mechanism to separate either a particulate fraction from

the liquid, or to separate particulates by size (Hermans, 1991;  Dennis, 1992).  

Two types of ‘selective holding tubes’ are currently available:

a. The Rota Hold device consists of a cylindrical vessel that can handle

only two fractions.  Fork blades are mounted on a central axis that

rotate slowly at a controllable rate.  The solids that are unable to pass

through the blades are conveyed around the cylinder until they are

released at the exit port.  The liquid flows freely reaching the outlet in a

short time (Dennis, 1992).

b. The Spiral Hold device consists of a vertically positioned tube vessel

having a feed inlet at the top and a discharge at the bottom.  A central

shaft fitted with spirally mounted spokes rotates slowly at an adjustable

speed.  The inside of the tube also has spokes that are mounted in a

spiral orientation but in an opposite pattern to those on the shaft.

Moving pockets are formed between the spokes and the wall carrying

particles through the system at a pre-determined rate.  By varying the
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thickness of the spokes, either in steps or gradually, the separation

characteristics can be varied for different particle sizes (i.e., shorter

residence times for smaller sizes) (Dennis, 1992).

These early attempts to develop sterilizers capable of handling solids were

discarded as a result of sterility problems caused by contaminated condensate

running forward to sterile areas, clumping of proteinaceous matter when heated in

steam, damage of solids, and difficulties in cooling the solids.

f. Recent developments

A process protocol for permitting particulates in aseptic products was

recently approved by the FDA.  Palaniappan and Sizer (1997) claim that previous

attempts by the food industry to file aseptic processes for particle-containing

products with the FDA were not successful because of the enormity of the task

and the absence of any established protocol.  A recent workshop conducted

jointly by the National Center for Food Safety and Technology (NCFST) and the

Center for Aseptic Processing and Packaging Studies (CAPPS, North Carolina

State University and UC-Davis) developed a case study which served as a

framework for a validation study for filing with the FDA.  Based on the case

study, a scheduled process for the aseptic processing and packaging of potato

soup was developed by Tetra Pak Inc., and filed with the FDA.  They received a

no rejection letter from the agency on May 31, 1997.  This filing provides an

established protocol for use by any company that wants to produce low-acid

aseptic products containing particulates and opens up a new market for



50

particulate foods such as soups and stews in attractive aseptic packages

(Palaniappan and Sizer, 1997;  Rice, 1997).  

The thermal process for the potato soup was described in three steps:

(i) determination of RTD of particles, (ii) mathematical modeling of the lethality

for the fastest particle, and (iii) validation of the model with an inoculated pack

study.  

A RTD study using magnet-tagged synthetic particles with appropriate

food-like densities was conducted to determine the fastest moving particle in

critical sections of the process system.  Sample size was calculated using

distribution-free statistics with preselected probability and confidence levels. The

following equation was used to calculate the number of data points needed for

given P and C values:

N = log(1-C)/log(1-P)

where N is the population size, C is the confidence level of collecting the

“fastest” particle fraction, and P is the confidence level for the “fastest” moving

particle fraction.  Using a C value of 95% and a P value of 1%, a population size

of 299 particles was derived.  

Using the above information, the temperatures of the fastest moving

particles were calculated.  The particle lethality (center point and integrated

sterilizing value) was also calculated and an inoculated pack study was

conducted for validating the above calculations (Palaniappan and Sizer, 1997;

Rice, 1997).
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3. Packaging

In order to consider a product as aseptic, it should be processed to be

sterile and then packaged in a sterile container under aseptic conditions.

A. Sterilization of containers

The sterilization of containers is usually achieved by either superheated

steam, hot air treatments, or by chemical treatment.  Thermal treatments are

generally used by the industry (‘Dole’ process) for sterilizing cans, while chemical

sterilization is generally applied to thermoplastic packaging materials  (Hersom,

1985).  In some cases, packages are sterilized by a combination of chemicals  and

heat (i.e. hydrogen peroxide and heat).

The resistance of bacterial spores to superheated steam has been

extensively investigated.  Furthermore, tests have been conducted on the use of

dry heat as a means of sterilizing containers and lids.  In some cases where similar

exposure times and temperatures are considered, superheated steam is more

effective than dry heat. The above is not necessarily true in all cases. Ham

demonstrated that there was no appreciable difference between the two if relative

humidity is less than 0.51  (Ham, 1977).

Aseptic filling of glass containers has not been applied commercially to low

acid foods although sterilization methods have been developed on an

experimental basis using either saturated steam (Pavy, 1967;  Anonymous, 1968),

chemicals (Hoare, 1967), or infrared rays (Meaklim, 1964).  Containers made from

thermoplastics or combinations of thermoplastics with paperboard and metal foil

are being used to an increasing extent for aseptic packaging.  The plastic as
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formed may be considered virtually sterile.  Contamination is limited to surface

contamination which occurs between manufacturing and use.  The bacterial load

on commercially produced material is quite small, but in the case of packaging

formed by laminations or extrusions on paperboard, there is an additional

biological hazard from the paperboard.  As a result, the paperboard must be

adequately isolated from the product contact surface by turning under the raw

edges in the package-forming operation and by guarding against pinholes during

the manufacture of the sheet material.  In general thermoplastics are generally

chemically sterilized at the point of use, either continuously as the web is taken

from the reel before the container is formed, or by treating the containers after

they are formed and immediately prior to filling.  

Of the chemical methods, hydrogen peroxide in conjunction with heat is

the most widely used.  Studies of its effectiveness have been conducted by

several investigators (Bockelmann and Bockelmann, 1972;  Toledo 1975;  Huber,

1979;  Smith and Brown, 1980).  The sterilization of material intended for aseptic

packaging using UV irradiation alone or combined with hydrogen peroxide has

also been examined (Strum and Gilliand, 1974;  Cenry, 1977;  Maunder, 1977;

Bayliss and Waites, 1979;  Bayliss and Waites, 1982).  The high intensity UV

lamps developed by the Brown Boveri company of Switzerland offers the

possibility of a convenient means for sterilizing packaging material yet there are a

number of difficulties and uncertainties associated with their use.  For example,

their efficacy depends on distance between the lamp and surface and inclination

of the surface.  A shielding effect due to dust contamination on the lamps or the

package surfaces is a problem as is the presence of pigmented spores which show
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greater resistance to UV.  Some of the early cup fillers have used UV-C to sterilize

cups and lids yet it is doubtful whether these can be regarded as fully aseptic.

The Seres-Thimonnier system for aseptic packaging of sachets employed a

combination of hot alcohol followed by a bactericidal UV treatment (Doyen,

1973).  According to other studies (Hersom, 1985), alcohol was replaced by

hydrogen peroxide although the UV treatment remains.  This change is

presumably due to the fact that alcohol is a poor sporicide and has not proved

effective even when used in conjunction with UV irradiation.  

Ethylene oxide gas has also been used for presterilizating packaging

materials (Kereluk et al., 1970;  Brody, 1973;  Toledo, 1975) as in the Pure-Pak

system.  However, it is not considered adequate without supplementary

treatments.  For paperboard-based materials this gas may be effective for reducing

bacterial loads on the board layer.  However, but in view of it’s toxic nature and

the risk of ethylene chlorohydrin residuals, it should be used with discrimination

and some time allowed for desorption between treatment and use (Alguire, 1973).

Bags used for aseptic bag-in-box operations can also be sterilized by irradiation

with gamma rays (Kelsey, 1974).

B. Filling and sealing

The environment of the filling and sealing chambers is maintained under

sterile conditions by the use of an atmosphere of superheated steam, sterile air at

elevated pressure, or by means of filtered air flowing at a velocity and in a manner

designed to prevent turbulence and assure laminar flow.  Since dust-free air does

not contain a natural flora of bacteria, the classification of air for clean rooms and
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other near-sterile environments has been based on the number and size of

particles in a set volume of air (Anonymous, 1973).  Air designated as class 100

(less then 100 particles of a size greater than 0.5 microns, but less than one

particle larger than 5 microns per cubic foot) can be obtained by the use of high-

efficiency particle air (HEPA) filters.  In general, laminar air flow used in aseptic

systems are operated using air of this designation.  The particle count may be

misleading since many of the particles probably come from the filter itself and do

not necessarily lead to infection.  Thus, in addition to a particle count procedure, a

monitoring system based on bacterial counts should also be employed.  Air

sampling methods are commercially available which withdraw a known volume of

air and through centrifugal action the particles are impacted onto a nutrient

medium for culturing viable microorganisms.  A qualitative assessment of

microbial loads may be obtained by exposing plates of selective media in the

filling and sealing chamber for times up to four hours.  Some authorities do not

accept Class 100 air as adequate for aseptic processes.  In such cases an absolute

filter of the cartridge type (e.g. ultrafilters) are capable of removing particles down

to 1 micron, which for all practical purposes yields air that may be regarded as

sterile.  The generation of large volumes of air by this means is expensive and thus

its use is limited to selected vulnerable areas of the filling equipment, with Class

100 air used in other locations such as the spray chamber.  In closed systems

which do not require large air volumes, air quality of 1 micron or less should be

used throughout  (Hersom, 1985).
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4. Quality and Safety Considerations

A. Evaluation of sterilization

Constant product flow is required to assure an adequate exposure of

product to sterilizing heat throughout the heating and holding sections.

Evaluation of particle sterility in a liquid medium can be quite complicated in

continuous flow systems.  The residence time of particles at the sterilizing

temperature may not be uniform throughout since it depends on the fluid velocity

in both the heat exchanger and the holding tube  (Holdsworth and Richardson,

1989).  Continuous sterilization under both turbulent and laminar flow (under

isothermal conditions using insulated holding tubes) have been subjected to

mathematical analyses for the purpose of developing models that describe these

systems  (Deindoerfer and Humphrey, 1959;  Richards, 1965;  Charm, 1966;

Leniger and Beverloo, 1969;  Aiba et al., 1973).   Simpson and Williams (1974)

developed a design model for non isothermal behavior as exists in a tube sterilizer

in which the heating and cooling operations are carried out without the

interpositioning of a holding tube.  Computer models for sterility evaluation have

also been developed for products containing particulates processed in scraped

surface heat exchangers in conjunction with a holding tube (de Ruyter and

Brunet, 1973;  Manson and Cullen, 1974).

Before a thermal process can be used commercially to sterilize foods,

accurate information is needed on the thermal resistance of contaminating

microorganisms and enzymes that need to be destroyed, as well as heat

penetration profile data of the specific food under real processing conditions.
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The sterilization value of the process (the degree to which undesirable

microorganisms are destroyed) must also be calculated and tested on a microbial

indicator to see if the efficacy of the process is the same in reality as in theory

(Lund, 1993).

Since accurate temperature measurements of particles traveling inside a

closed continuous system are difficult to obtain, one has to rely on mathematical

models to predict the temperature of the largest and fastest moving particle

(Marcotte et al., 1994).  Several analytical methods have been evaluated for

monitoring particle temperature such as biological validation techniques, moving

thermocouple methods, liquid crystal techniques, time-temperature integrators,

melting point indicators and relative velocity methods.  Biological validation is

considered the most reliable technique to address safety issues, but the process is

tedious and not entirely reliable (Ramaswamy et al., 1995).  The product to be

sterilized is first inoculated with an indicator microorganism and then submitted to

the process to determine if the treatment destroys the indicator.  Finally, a list of

the critical factors (i.e. temperature, time) and procedures to be used for

controlling these factors is established (Marcotte et al., 1994).

B. Control of bacterial quality

The control of the bacterial quality in foods and the processing

environment is of paramount importance, particularly when commissioning a new

plant.  Examination of microbial contamination from adequate numbers of samples

taken from the filling line is necessary to ascertain whether the plant is operating

according to established acceptability standards  (Burton, 1975).  Unfortunately,
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the literature does not provide information on the level of product spoilage which

may be anticipated and considered acceptable.  In Hersom’s view point (1985),

one should aim for a spoilage rate of less than 1 in 3,000,  a standard attainable on

some well-managed carton or cup systems and improved in cans processed with

Dole equipment.  This standard should be attainable with sensitive products

which support the growth of low inoculum levels.  Each system has its own

characteristics that affect spoilage rate, as well as the sensitivity and nature of the

product being packed.  In products which are less susceptible to spoilage, lower

spoilage rates are obtainable (i.e., 1 in 5,000).  This spoilage rate should be a goal

if aseptic packaging using thermoplastic containers is to move into product areas

other than dairy products and acidic beverages.  Once a plant has been accepted

as satisfactory, a statistically sound sampling regime is used to ensure that these

standards are maintained.  Bacteriological control procedures for use in aseptic

operations have been issued by the National Food Processors Association

(Anonymous, 1982) whereas Reynolds suggested control procedures to be used

for UHT products  (Reynolds, 1981).  

C. Maintenance

The calibration, cleaning and troubleshooting of aseptic processing control

and sensing equipment is very important from the standpoint of consistent

product quality and public safety.  Maintenance of aseptic conditions is a prime

consideration in a plant design.  There should be no dead spots in the system

which could harbor heat-resistant microorganisms, and attention should be paid

to the slopes of pipe runs and positioning of pumps and other components to
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ensure adequate drainage after cleaning.  Barriers should be installed between

sterile and nonsterile areas (Hallström, 1980).  Details on the engineering and the

related aspects affecting the design of UHT and aseptic processing plants are

described in the literature  (Aiba et al., 1973;  Hallström, 1980;  Hallström, 1981).

Processing systems are usually sterilized by pumping hot water (121°C)

under pressure throughout the system.  For piping that interconnects the

processing system with aseptic tanks and/or fillers, all potential product contact

surfaces must be sterilized according to a scheduled process.  Once the equipment

sterilization cycle is completed, the processing system downstream from the

holding tube is cooled and readied for product introduction.  Aseptic tanks and

fillers which usually have their own specific sterilization cycles must also be

sterilized.  An aseptic tank may be sterilized with pressurized culinary steam.

When the specified temperature is achieved inside the tank, timing of the

sterilization period begins.  Once completed the cooldown is obtained by

displacing the steam with positive pressure sterile air.  Aseptic fillers also have

sterilization cycles but the lengths of the cycles and the sterilizing chemicals vary

from manufacturer to manufacturer.  An important concept to remember is that all

product contact surfaces must be held at a minimum temperature or sterilant

conditions for a sufficient time to achieve sterility.  Upon completion of the

equipment sterilization, proper processing conditions are then established.  All

equipment beyond the holding section is cooled to the processing temperature

level.  When product is introduced to the system it flushes out residual sterilizing

water.  Filling begins when the system is operating with pure product.  At the

completion of the process run all product contact surfaces are completely cleaned
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of residual product and the equipment readied for the next equipment sterilization

cycle.  At anytime during processing system failures can occur.  Examples of such

failures would be the loss of processing temperature and/or pressure or an

indication of non-sterile product.  Should a failure occur the system would need

to be resterilized  (Jones and Swartzel, 1994).

D. Federal regulations

Federal regulations which cover thermal processes are included in the

FDA‘s Good Manufacturing Practice regulations.  Acid foods and acidified foods

with a pH of 4.6 or below are covered in part 114, while requirements for

processes and controls are included in section 114.80.0 of the CFR (Code of

Federal Regulations).  Part 113 covers Thermally Processed Low Acid Foods

Packaged in Hermetically Sealed Containers”.  Low acid foods are defined as

non-alcoholic beverage foods with a finished pH greater than 4.6 and a water

activity greater than 0.85.  In this regulation “aseptic processing and packaging”

is defined as “the filling of commercially sterilized cooled product into

presterilized containers, followed by aseptic hermetic sealing with a presterilized

closure in an atmosphere free of microorganisms”  (Dignan, 1998).

Aseptic processing equipment and operations are covered under Subpart

C - Equipment, section 113.40 of the CFR.  Product sterilizer equipment includes

paragraphs on the temperature-indicating device, temperature recording devices,

temperature recorder-controller, product-to-product regenerators, differential

pressure recorder-controller, metering pump, product holding tube, flow diversion

systems, and equipment downstream from the holding tube.  Paragraphs
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concerning operations cover start-up, temperature drop in the product-sterilizing

holding tube, loss of pressure in the regenerator, loss of sterile air pressure or other

protection levels in aseptic surge tanks and recorders  (Dignan, 1998).

Aseptically processed and packaged low acid foods must comply with the

regulations promulgated under Title 21 of the CFR, parts 108 and 113.  These

regulations deal with good manufacturing practices for thermally processed low

acid foods, the emergency permit provisions, the plant registration and the

process filing requirements. The process design, equipment design and operation,

recordkeeping and critical process control points must comply with the regulation

stated in part 113 of the 21 CFR regulations  (Dignan, 1998).

Although the FDA does not approve the process and the packaging

systems, official process forms must be submitted and if not rejected, the process

can be started.  A scheduled process should be completed by a qualified and

authorized person and filed prior to any release of low acid canned food.  The

schedule process must include the times and temperatures necessary for the

commercial sterilization of the food, as well as the critical control factors related to

the sterilization of the package and procedures for maintaining sterile conditions

during the filling and sealing operations  (Dignan, 1998).
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III. Flow

1. Fundamental flows

A. Laminar and turbulent flow in pipes

Osborne Reynolds carried out an experiment on flow in a circular pipe in

which he visualized the motion of the fluid by injecting a dye into the stream

through a thin tube (Fig. 9).  At a low flow rate the dye extended over the entire

length of the pipe in the form of a straight line (laminar flow).  As the flow rate

increases over a critical value the dye begins to move irregularly and mix with the

fluid.

Figure 9. Laminar and turbulent flow in a pipe: (a) laminar;  (b) turbulent.

Reynolds found that the transition from laminar to irregular (turbulent)

flow takes place at a definite value referred to as the Reynolds number (critical

Reynolds number).  The critical Reynolds number depends on the inherent

irregularity (turbulence) of the fluid entering the circular conduit.  Its lowest value

is approximately Recrit = (Ud/v)crit = 2300, where U is the average velocity of flow

and d the inner diameter of the pipe  (Asanuma and Tanida, 1989).  In turbulent

flow, the velocity profile flattens near the axis of the pipe and the pressure drop is

larger than in laminar flow (Fig. 10).  
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Figure 10. Variation of pressure drop with Reynolds number for pipe flow.

1. Flow characteristics

The flow of a liquid within a pipe or tube can be characterized in several

ways.  These flow characteristics have a significant influence on the transport of

the liquid and the energy requirements.  One of the most important equations to

describe flow is the mass flow equation:

˙ m  = ρ × A × u 

In most cases, transport of liquids will be a steady-state process such that

the mass flow rate at location 1 ( ˙ m 1) will be equal to the mass flow rate at location

2 ( ˙ m 2).  This means that changes in density or cross-sectional area with location

results in a corresponding change in mean velocity without changing mass flow

rate  (Singh and Heldman, 1984).  
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2. Laminar flow

At low mass-flow rates, the flow of liquid within a pipe or tube will be

streamline or laminar.  Under these conditions, the injection of a thin stream of dye

into the liquid results in the dye moving in a streamline fashion in the axial

direction.  The solving of the following velocity profile equation:

Ul = ∆ P
4 ×µ × Lp

R2 − r2( ) ,  illustrates that the profile is parabolic and that the mean

velocity is approximately 0.5 times the maximum velocity at the tube center

(Singh and Heldman, 1984).

3. Reynolds Number

The flow characteristics described for laminar flow are influenced by the

liquid’s properties and flow dimensions.  As mass-flow rate increases, the forces of

momentum increase yet these forces are resisted by friction or viscous forces

within the flowing liquid.  As the opposing forces reach certain balances, changes

in the flow characteristics occur.  Based on experiments conducted by Reynolds,

it was concluded that the momentum forces are a function of liquid density, tube

diameter, and mean velocity.  In addition, the friction or viscous forces are a

function of liquid viscosity.  Based on this analysis, a Reynolds number was

defined as the ratio of the momentum forces to the viscous forces:

Nre = Re = (ρ × D × u ) / µ

This unique number is dimensionless and can be used to define the flow

characteristics in a tube or pipe.  As long as the Reynolds number is 2100 or less,

the flow characteristics will be laminar or streamline  (Singh and Heldman, 1984).
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4. Turbulent flow

As mass flow rate in a tube increases so that the Reynolds number exceeds

2100, the flow within the tube becomes erratic and mixing of the liquid occurs

within the flow cross section.  The intensity of this mixing continues to increase

as the Reynolds number increases from 4,000 to 10,000.  At higher Reynolds

numbers, turbulence is fully developed within the tube and the velocity profile is

relatively flat.  The mean velocity is approximately 0.8 times the maximum

velocity  (Singh and Heldman, 1984).

B. Flow in food systems

The distribution of velocities in circular pipes can be described by one of

the three types illustrated in Figure 11.

A. B. C.

u = 0.5  × umax u = 0.82  × umax u = umax

Figure 11. Distribution of fluid velocities inside a circular pipe for types of flow:  

A. Piston flow;  B. Turbulent flow;  C. Viscous flow).

In piston flow, the mean holding time is equal to the residence time of the

components, although this ideal flow pattern is rarely, if ever, achieved.  For

turbulent flow, an accurate calculation of the flow is not possible yet there are

empirical equations which relate the average and maximum velocities.  This

relationship varies with the Reynolds number although the maximum velocity is

generally assumed to be 1.25 times the average velocity.  In laminar or viscous

flow, the velocity profile is parabolic such that the average velocity is one-half
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the maximum velocity.  Many of the products suitable for continuous flow

sterilization (i.e., soups, purees, sauces, and concentrates) are non-Newtonian

fluids of high apparent viscosity and exhibit laminar flow  (Holdsworth, 1969).

C. Flow past a circular cylinder

The flow around a circular cylinder is a very common fluid dynamic

phenomenon.  In the next lines, the simplest case will be described.  When a

cylinder of diameter D is placed perpendicular to a uniform flow of velocity U, the

flow pattern around the cylinder changes with an increase of the Reynolds

number as defined by Re = Ud
v  (Fig. 12).

Figure 12. Flow past a circular cylinder: (a) Re = 1.1;  (b) Re = 26;  (c) Re = 55.

To produce a low Reynolds number, the flow pattern must be completely

constant and symmetrically uniform up and downstream of the cylinder  (Fig. 12).

When the Re exceeds 4, the upstream-downstream symmetry of the flow

pattern disappears.  The flow is still constant yet the fluid that passes adjacent to

the cylinder surface separates as it passes the cylinder to form twin eddies that

increasingly stretch downstream as Re increase above 40  (Werlé, 1989).

When Re exceeds 40, striking changes in the flow pattern occur

downstream from the cylinder.  The twin eddies no longer attach to the cylinder

and each move downstream in alternate patterns.  The result is that two rows of
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discrete vortices, known as the Karman vortex street, are produced downstream

of the cylinder (Fig. 13)  (Werlé, 1989).

Figure 13. Karman vortex behind a circular cylinder (Re= 140).

2. Flow visualization

Flow visualization has contributed greatly to the development of modern

fluid dynamics and has been utilized by such pioneers as O. Reynolds, L. Prandtl

and others.  Flow visualization is capable of revealing the entire flow and

temperature profiles and plays an important role in understanding flow

phenomena.  A study of complex fluid flow patterns also provides a basis for

physical-intuitive reasoning.  Complex flow phenomena such as the transition

from laminar to turbulent flow in a tube, which cause sudden pressure drops and

the formation of Karman vortices can be understood from flow visualization

photographs obtained by various techniques (Chung, 1989).

For complex fluid flows, it is difficult to understand the entire flow profile

using just a probe for measuring flow velocity, direction, and other quantitative

measurements.  However, when probes are combined with visualization methods,

a more accurate assessment can be made of the entire flow profile.  Fluid motion is

usually invisible which requires that before visualization methods can be applied,
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the fluid flow must be made visible by some method.  Flow visualization

techniques can reveal streamlines, streaklines, particle paths, timelines, flow

directions, flow separation, limiting streamlines, temperature distribution, and

vortices  (Taneda, 1985).

Visualization methods using tracers in water or in other liquids are quite

diverse.  It should be noted that visualization methods used to monitor elements

suspended in a fluid are in some cases limited by the discrepancies detected

between the trajectories of the particles and of the fluid elements they represent.

This problem is mainly associated with particles not having the same density and

viscosity as the fluid.  Furthermore, because particles often have different

diameters they are subjected to averaging effects.  Particles are also affected by

centrifugal or centripetal forces and gravity effects.  It should be noted that the

trajectories and emission lines of effective tracers should coincide with the

streamline of a steady flow, at least in the laminar flow regime.  This is not true for

an unsteady flow or in the case of a turbulent flow regime.  Provided that some

precautions are taken, tracers may give an accurate picture of the instantaneous

or averaged flow  (Werlé, 1989).  

With the tracer visualization method, tracers are injected from upstream ramps or

can be released from objects inside the system.  The primary liquid tracers used in

water include:

1. diluted milk composed of a mixture of milk, alcohol, and dye whose density

and viscosity are the same as water  (Werlé, 1974),

2. diluted rhodorsil which is a stable white mixture replacing milk  (Werlé, 1989),
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3. fluorescent dye,  and

4. substances such as ink, commercial dyes, or solutions of carbon tetrachloride,

benzine, or potassium permanganate

Some commonly used solid tracers that are generally introduced by a

probe upstream of the model include glass balls, perspex powder, aluminum

particles and spherical polystyrene beads of a density similar to that of water

(Werlé, 1989).  Aluminum and magnesium flakes, 20 to 50 µm long and about 5µm

thick, are nonspherical tracers which have been used on many occasions for

studying hydrodynamics.  With appropriate illumination these particles generate

excellent flow pictures as documented in many studies  (Merzkirch, 1987).

Salengke and Sastry (1995) used a video visualization method in their studies to

determine the effect of particle size and flow rate on RTD.  Their visualization

method was similar to the one used by Lee et al. (1995) in which a SSHE was

built with a clear acrylic outer sheath for use in monitoring the effect of particles

on the liquid RTD.

The most widely used gas tracers are hydrogen bubbles which are

generated by a cathode electrode during electrolysis.  These tracers are emitted

by a cathode either fixed upstream, revealing the flow shape with the vortex

sheddings, also in unsteady regime, or placed on the model.  The other commonly

used gas tracer is air bubbles which are produced by means of an emulsifying

agent introduced during the filling of the experimental tank.  When suspended in

water, these small tracers can be used to document flow patterns when

illuminated by light.  In particular, air bubbles are quite effective for visualizing

flow including vortices in both steady and unsteady states (Werlé, 1989).
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McCarthy et al. (1997) explored magnetic resonance imaging (MRI) as a

means to evaluate the flow velocity profiles of fluids and particulate mixtures in a

pipe.  The authors claim that developments in nuclear magnetic resonance (NMR)

and imaging capabilities have allowed MRI techniques to be used for flow

measurments.  They suggest that one advantage to MRI is that it is noninvasive

and does not require the addition of special particles to the flow medium.

Another technique for monitoring flow is the use of Interferometry.  When light is

passed through a heterogeneous transparent medium, the light wavefront is

deformed and the degree of deformation is recorded.  Interferometry can be used

for comparing the shape of an experimental wavefront to that of a reference

wavefront, whereby differences in wavefront shapes are highlighted by means of

dark and bright lines referred to as interference fringes.  A fringe (black or white)

appears every time the optical path difference between the distorted and

reference wavefronts is an integer of the light wavelength  (Philbert et al., 1989).

IV. Summary

A survey of the applicable literature revealed an information void on two

important topics.  From the food science stand point, there is a critical need for

developing a sterilizer for processing foods containing particles.  Secondly, there

is a need to develop a quantitative flow visualization method for objectively

determining flow behavior in aseptic systems.

The author of this dissertation hypothesized and patented a continuous

aseptic sterilizer for heating particles titled ‘Hydrostatic Heating Apparatus’.  A

hydrostatic heating apparatus comprises an enclosed chamber which is open to
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atmospheric pressure and contains a hydrostatic liquid.  The enclosed chamber

has both product inlet and outlet openings and a horizontal heating zone

positioned between the two openings.  The apparatus has a transporting device,

such as a cable conveyor positioned in the enclosed chamber which transports

particles through the chambers.  The apparatus maintains the particulate product

in the liquid under hydrostatic pressure in the heating zone.  Furthermore, the

apparatus may be used in combination with an aseptic packager connected to the

product outlet opening for aseptically packaging the product.  

In contrast to the commercially available and unsuccessful ‘Rota Hold’

apparatus, the hydrostatic heating apparatus is designed to gently transfer the

particulates without altering their physical integrity.  The proposed apparatus also

takes into account any accidental damage of particles and suggests a method for

their removal from the system without interfering with the operation of the

sterilizer.  The author believes that the simple design of the aseptic apparatus will

allow for easier maintenance and cleaning as compared to other systems.

The purpose of the following study was to develop a quantitative tool for

evaluating flow behavior.  This tool may be useful for characterizing and

comparing flow behavior of particles in different aseptic processing systems

containing liquid and particles.  Furthermore, this method will allow process

engineers to evaluate, optimize and recommend specifications for future

hydrostatic heating apparatus designs or any other system designed for

conveying particulates.
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ABSTRACT

The objectives of this study were to develop a quantitative visualization

tool for evaluating flow behavior of particles in a model hydrostatic heating

apparatus or other flow systems and to estimate heat transfer coefficients of a

simulated aseptic process for potato sphere, based on the quantitative data

collected during the study (Reynolds numbers, Nusselt numbers, Biot numbers,

heat transfer coefficients, holding tube length and process times).

The three dimensional movement of polystyrene balls as influenced by ball

diameter (0.95 and 1.90 cm), fluid flow rate (10, 20 and 30 l/min) and conveyor

disk design (2 configurations) were recorded in the model heating apparatus and

analyzed using motion analysis software.  Ball speed and net-to-gross-

displacement ratio (NGDR) values were calculated for ball movement in the x;y

and x;z planes.  The NGDR is computed for specific particles moving on a given

path. For a given point in a path, the net displacement is the distance along a

straight line from the first point of the path to the given point.  In contrast, the

gross displacement is the distance along the actual path from the first point in the

path to the given point.  The ratio between these two quantities is termed the net

to gross displacement ratio (Motion Analysis Corporation, 1990).  As carrier liquid

flow rate increased, there was an associated increase in both the mean and

standard deviation speed and NGDR values.  In general, larger ball sizes yielded

lower speed and NGDR values (i.e., less movement).  A concave (bowl-like)

conveyor disk design as opposed to a 90° flat-edge disk design yielded greater

speed and NGDR values when carrier velocity was greater than 20 l/min.  Speed

and NGDR values having higher standard deviations were interpreted as having
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greater turbulent flow.  Furthermore, speed and NGDR mean and standard

deviations were highly correlated (r2 > 0.9) indicating that either statistic could be

used to describe the flow behavior of particles.  In addition, a high correlation (r2

> 0.9) was observed between measurements (speed, NGDR) taken in both planes

(x;y, x;z).  The average speed derived from the quantitative visualization method

was subsequently used to calculate heat transfer and related properties in the

model hydrostatic heating apparatus.

The result of this study demonstrated the potential utility of the flow

visualization method for quantitating the flow behavior of particles through

tubes.  Furthermore, this method should be of value to food process engineers in

developing continuous aseptic processes for particulate-containing foods.
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INTRODUCTION

One of the simplest ways to commercially sterilize a food particulate or

liquid containing food particulates is to apply a single thermal process to the fully

blended product.  Unfortunately, the use of conventional continuous

pasteurization systems, which were designed primarily for liquids and semi-solids,

do not currently satisfy either product quality specifications or safety

requirements of U.S. regulatory agencies  (Marcotte et al., 1994; Simunovic et al.,

1995).

When processing particles in a dynamic system, a major challenge is to

insure that the intact particles flow through the system in a homogeneous

manner.  This concern is best addressed using a scraped surface heat exchanger

(SSHE) which consists of a double wall tubular heat exchanger in which product

moves within an inner tube and steam in the outer tube.  A mechanical arm

located within the product tube continuously scrapes the heat transfer surface

inside the tube which helps to maintain the particles in suspension.  The use of a

scrape surface heat exchanger may produce an unacceptable product due to the

mashing, shearing and tearing of the particles.  Moreover, a safety concern exists

for products containing porous or hollow particles and viscous fluids since both

the particles and fluid may trap air.  Because air has a low thermal conductivity,

the interior of the particles may not be exposed to the necessary heating process

to assure commercial sterility requirements.

A major concern encountered with aseptically processed low-acid food

products containing particulates is the need to sterilize the core of the particulate

without over-processing the liquid or exterior of the particulate.  In pasteurizing
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food particulates, one generally assumes that the slowest heating point (i.e., the

cold spot) is at the center of the largest particle with the lowest thermal

conductivity and minimum residence time (fastest moving particle).  Since it is

extremely difficult to assess the flow dynamics of the fluid-particulate mixture, the

necessary heating that would satisfy government regulations may lead to over-

processing of one ingredient while insufficiently heating others.  In most cases

this would result in an unacceptable product due to adverse changes in flavor,

color, nutrient content and other physical or chemical properties  (Burton, 1988;

Ramaswamy et al., 1995).

There are several processes designed to solve the issue of particulate

processing.  The best known is the Jupiter system which is based on the principle

of sterilizing the component solids and liquid separately and then mixing them

together in a sterile environment before filling into containers (Holdsworth and

Richardson, 1989).  The system was not profitable since the solids had to be

sterilized in batches.  Systems that employ unconventional means of heating such

as the Ohmic heating system (APV) which utilizes electrical resistance heating

and the Multitherm system (Alfa Star) which incorporates microwave heating

(Biss et al., 1989) were not commercially successful since non-ionic materials such

as fats, oils, sugars, syrups or tap water without added salts are not suitable

conductors in either system.  The above two systems as well as some other

attempts to modify swept or scraped surface heat exchangers and tubular heat

exchangers to handle particles were not able to comply with the Food and Drug

Administration’s (FDA) requirements for proving residence time distribution

(Hirahara, 1980;  Hersom, 1985;  Sawada and Merson, 1986;  Hermans, 1991;



86

Dennis, 1992).  A recent workshop conducted jointly by the National Center for

Food Safety and Technology (NCFST) and the Center for Aseptic Processing and

Packaging Studies (CAPPS) developed a case study which served as a framework

for a validation study for filing with the FDA.  Based on the case study, a

scheduled process for the aseptic processing and packaging of potato soup was

developed by Tetra Pak Inc.,and filed with the FDA.  They received a no rejection

letter from the agency on May 31, 1997  (Palaniappan and Sizer, 1997; Rice,

1997).  As important as this development may appear, the protocol was only

approved for a specific product with a specified particle size.  The application of

this protocol to other products and other sized particles will not necessarily gain

FDA approval since a change in any of the above parameters will effect the

residence time of the particles.

A potential solution to the above problem was suggested in a recently

issued patent by this author under the title of ‘Hydrostatic Heating Apparatus’

(Shefet, 1996).  A hydrostatic heating apparatus comprises an enclosed chamber

which is open to atmospheric pressure and contains the hydrostatic liquid.  The

enclosed chamber has a product inlet opening and a product outlet opening and

also has a heating zone positioned between the product inlet opening and the

product outlet opening.  The apparatus has a transporting device such as a

conveyor positioned in the enclosed chamber which extends through the heating

zone for transporting the particulate product in the liquid from the product inlet

opening through the heating zone to the product outlet opening.  The apparatus

maintains the particulate product in the liquid under hydrostatic pressure in the

heating zone.  The apparatus may be used in combination with an aseptic
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packager connected to the enclosed chamber product outlet opening for

aseptically packaging the particulate product.

The focus of this research was to develop a quantitative tool for evaluating

flow behavior of particles in the model hydrostatic heating apparatus or in any

other heating tube.  This tool may be useful for characterizing and comparing

flow behavior of particles in different aseptic processing systems containing

liquid and particles.  Furthermore, this method will allow process engineers to

make recommendations on specifications (i.e., conveyor disk design, liquid

velocity, particulate load, etc.) of future designs of the hydrostatic heating

apparatus or any other system designed for conveying particulates.  As a final

objective of this study, heat transfer coefficients of a simulated aseptic process for

potato sphere were estimated based on the quantitative data collected during the

study (Reynolds numbers, Nusselt numbers, Biot numbers, heat transfer

coefficients, holding tube length and process times).

THEORY

From the preceding introduction and fact that continuous pasteurization

of liquids is a widely used process, it would appear that processing of each food

component independently (i.e., fluid and particles) would result in fewer problems

for the manufacturer.  The goal of such a process would be to achieve commercial

sterility of each component (two or more) and then to combine and package the

components in a sterile container under aseptic conditions.  Although the Alfa-

Laval company has suggested such a system, they have not been able to design a

‘continuous’ method for sterilizing particles.
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Applying some basic microbiology and physics principles, a continuous

method for commercially sterilizing fluids containing particles was hypothesized.

The method assumes that a 12 D (decimal reduction) reduction in a target

bacterial spore population is attained by exposure to 121°C for 3 minutes (or an

equivalent time / temperature process) (Ramaswamy et al., 1995) and that the

standard cooking procedure of the targeted food product requires the immersion

of the product in boiling water for 7-10 minutes (i.e., pasta products, cooked

vegetables).  A thermal process yielding a F0 value (time in minutes required to kill

all spores in a suspension at 121°C) of 3 is required from a food safety stand point

for reducing Clostridium botulinum spore populations, although a F0 of 5 is

recommended for inactivating bacterial spores responsible for food spoilage

(Lund, 1975).

Under standard atmospheric pressure conditions (1 atmosphere of

pressure) water boils at 100°C.  Boiling can also be achieved at 126°C under

2.38 atm (35 Psi) or at other pressure/temperature combinations.  The proposed

continuous sterilization process is designed to operate at atmospheric pressure

and achieves the required higher processing pressures using a liquid column of a

defined height.  For example, a column of water 10.33 m high has two

atmospheres of pressure at the base of the column.  A water column of 14.24 m

has a head pressure of 2.38 atm  (Smith and Van Ness, 1987)  (Table 1).

Considering the above, a ‘U’-shaped sterilization apparatus was

hypothesized as a functional design for sterilizing particulates in a fluid medium.

This apparatus would be composed of two 15.5 m vertical columns containing

water to a height of 14.24 m.  The columns would be connected at the bottom
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with a horizontal pipe.  The pressure at any point across the horizontal tube

would equal 2.38 atm  (Table 1).  At this elevated pressure, the boiling point of

water is 126.28°C.  

A conveying system designed to produce individual compartments would

be included in the system to carry food particles through the apparatus and into

the aseptic packaging zone.  Water will serve both as a sterilizing medium and as

a barrier between the open environment and the aseptic zone.  The design

configuration and speed of the conveyor and product inlet pump would control

the dwell time of the particulates in the heating zone, a fact that would assure

their commercial sterility at the end of the process.  The horizontal tube will act as

a holding section; thus the tube length, the speed of the conveyor and the water

temperature will need to be considered in assessing the lethality of the process.

Based on the above process, a U.S. patent titled ‘hydrostatic heating apparatus’

was granted  (Shefet, 1996).  

In order to simplify the evaluation and characterization of the described

device, a pilot plant model composed of a stationary conveyor system was

designed and constructed (Fig. 1).  In a commercial system that would contain a

moving conveyor, the inlet liquid flow rate would be maintained at a constant

velocity (Vi) while the cable-conveyor velocity (Vc) would always be maintained

at a higher speed (Vc>>Vi).  In the stationary test model, liquid was pumped at a

speed equal to the difference between Vc and Vi.  This rate would be equivalent

to the relative velocity of the fluid in a commercial system configured with a

moving conveyor.
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Flow visualization has contributed greatly to the development of modern

fluid dynamics and has been utilized by such pioneers as O. Reynolds, L. Prandtl

and others.  Flow visualization is capable of revealing the entire flow profile and

plays an important role in understanding flow phenomena.  A study of complex

fluid flow patterns also provides a basis for physical-intuitive reasoning.

Complex flow phenomena such as the transition from laminar to turbulent flow in

a tube, which cause sudden pressure drops and the formation of Karman vortices

can be understood from flow visualization photographs obtained by various

techniques (Chung, 1989).

For complex fluid flows it is difficult to understand the entire flow profile

by using just probes for measuring flow velocity, direction, and other quantitative

values.  Thus, other tools such as flow visualization methods to characterize the

entire flow pattern represent a powerful tool to complement the probe method.

Generally, fluid motion is invisible and thus can not be visualized without first

making the flow visible such as by introducing tracers.  Flow visualization

techniques can be used to reveal streamlines, streaklines, particle paths, timelines,

flow directions, flow separation, limiting streamlines, temperature distribution, and

vortices  (Taneda, 1985).

An array of visualization methods are available using tracers introduced in

water or in other liquids.  It should be noted that visualization methods used to

monitor elements suspended in fluid are in some cases limited by the variations

between the trajectories of the particles and of the fluid elements they represent.

This problem is mainly associated with particles not having the same density and

viscosity as the fluid.  Because particles often have different diameters, they are
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subjected to averaging effects.  They are also affected by centrifugal or

centripetal forces and gravity effects.  It should be noted that the trajectories and

emission lines of effective tracers coincide with the streamline of a steady flow, at

least in the laminar flow regime. This is not true for an unsteady flow or in the

case of a turbulent flow regime.  Provided that some precautions are taken, tracers

may give an accurate picture of the instantaneous or averaged flow  (Werlé,

1989).  

When tracers are used, they are injected from upstream ramps or emitted

from objects inside the system.  The primary liquid tracers used in water include:

1. diluted milk composed of a mixture of milk, alcohol, and dye whose density

and viscosity are the same as those of water  (Werlé, 1974),

2. diluted rhodorsil which is a stable white mixture replacing milk  (Werlé, 1989),

3. fluorescent dye,  and

4. substances such as ink, commercial dyes, or solutions of carbon tetrachloride,

benzine, and potassium permanganate.

Some commonly used solid tracers which are generally introduced by a

probe upstream of the model include glass balls, perspex powder, aluminum

particles and spherical polystyrene beads of a density similar to that of water

(Werlé, 1989).  Aluminum and magnesium flakes, 20 to 50 µm long and about 5µm

thick, are nonspherical tracers which have been used on many occasions for

studying hydrodynamics.  With appropriate illumination these particles generate

excellent flow pictures as documented in many studies  (Merzkirch, 1987).

Salengke and Sastry (1995) used video visualization in their studies to determine

the effect of particle size and flow rate on residence time distribution (RTD).
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Their visualization method was similar to the one used by Lee et al. (1995) in

which an acrylic outer shield applied to a SSHE was used to view the effect of

particles on the liquid RTD.

MATERIALS AND METHODS

Pilot plant model.  The model hydrostatic heating apparatus was

constructed from a 162.5 cm long, 12.7 cm i.d. clear plexi-glass tube having a wall

thickness of 0.64 cm.  A 90° PVC elbow (12.7 cm i.d.) was attached to each end

of the tube with the inlet and outlet ends oriented downward and upward,

respectively (Fig. 2).  The inlet was connected to a positive-displacement pump

using a 275 cm long (6.35 cm i.d.) flexible tygon tubing whereas the outlet end

was positioned immediately above a 100 liter stainless steel collection vat.  The

vat was attached to the pump inlet via a 100 cm long (6.35 cm i.d.) stainless steel

pipe.  The vat served to collect the water overflow from the tube during test runs.

A 198 cm long (1.27 cm diameter) stainless steel rod containing five fixed PVC

disks spaced 25.4 cm apart was positioned in the center of the horizontal tube

using two 3.0 cm long PVC tubes (1.5 cm i.d.) glued to the inside wall of each

elbow.  Three disk designs were machined and tested in this study.  Their

dimensions are described in the following section.  The internal dimensions and

areas of the apparatus are summarized in Tables 2 and 3.

All disks were machined from PVC sheet stock.  Disk A (Fig. 3, 4) had the

simplest design consisting of flat edges and faces.  Each disk was machined to be

11.43 cm in diameter, 1.27 cm thick and contained a 1.27 cm diameter hole bored

through the geometric center of the disk.  To add support and facilitate
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attachment to the stainless steel rod, a 1.27 cm PVC collar measuring 3.81 cm in

diameter and having a 1.27 cm center hole was machined and centrally mounted

to the back of the each disk using an adhesive.  The disks were fixed to the

support rod by a stainless steel set screw that was threaded through the collar

perpendicular to the rod.

Disk B was designed in a bowl-like shape to create more mixing and

turbulence in the liquid / particulate flow (Fig. 5-7).  The disks were machined

similarly to disk A with the following exceptions.  Disk thickness was increased

to 1.90 cm to add strength and to facilitate creating the bowl-like contour.  The

disk edge was cut at a 15° angle from the leading to trailing disk faces.  The

curvature was created using 1.90 cm and 2.22 cm ball endmills.  The 1.90 cm

endmill was used to curve the initial surface between the groves at 2.53 and 4.75

cm from the disk center.  The remaining uncut surface between the groves was

bored out using the 2.22 cm ball endmill.  

Similar to disk B, disk C was designed to increase mixing and turbulence of

the liquid and particulates.  These disks were machined to a thickness of 1.27 cm

and contained 16 groves - 45° diagonally cut, spaced 22.5° apart from each other

on the leading edge of each disk (Fig. 8-9).  The groves were cut using a 1.90 cm

endmill positioned at a 45° angle to the leading disk surface.  The internal

dimensions of the apparatus are summarized in Table 2.

Pump.  The positive displacement pump system used in these studies

consisted of a RELIANCE® 1,730 RPM, frame model 184TC, type P-F motor

(Reliance Electric Company, Columbus IN 47201), a GNH® model GHP 2025A

rotary pump (GNH Product Group, Kenosha, WI 53141), and a Reeves®
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motodrive® gear drive (Reliance Electric Company, Columbus, IN 47201) which

was operated in a fully opened position.  The motor speed was controlled by a

variable frequency controller (model SP500 EASY CLEAN PLUS™ VS DRIVE,

146 - 1751 RPM) (Reliance Electronics, Athens, GA 30601).  In all test runs flow

rate was verified using a time / volume measurement technique.

Visualization.  To monitor and record particulate movement, a video

camera (model 1CVC2030E color video camera, General Electric Company,

Portsmoth, VA 23705) was mounted 175 cm in front of the flow test model with

the lens aligned on the same horizontal plane as the tube.  The camera was

attached to a video recorder (VP5410TE HI speed video search VHS, Quasar,

Japan).  In order to view the entire 3-dimension flow of a specific section of the

plexi-glass tube, a mirror was aligned at a 45° angle and positioned beneath the

tube.  In this camera to tube and mirror orientation, the x;y plane was observed

directly while the x;z plane was viewed through the reflection in the mirror (Fig.

10).  A 1000W halogen light bulb positioned behind the GE Color video camera

was used to illuminate the apparatus.

Analysis.  Each tape was replayed through a video processor (VP110,

Motion Analysis Corporation, California, USA) which determines the pixel

coordinates at which transitions occur between light and dark regions.  This

information is transmitted to PC-based ExpertVision™ software (ExpertVision™,

Motion Analysis Corporation, Santa Rosa, CA 95403) where the two-

dimensional coordinates of each observed object are determined by calculating

the centroid of each ball outline for each digitized video frame.  The output from

the software included the coordinates for the x;y and x;z planes, particle speed
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and net to gross displacement ratio (NGDR) of the particle.  The software

computes the speeds of the particles in distance per unit time (e.g. second) along

a path.  Speed is always positive or zero.  In addition, the NGDR is computed for

specific particles moving on a given path. For a given point in a path, the net

displacement is the distance along a straight line from the first point of the path to

the given point.  In contrast, the gross displacement is the distance along the

actual path from the first point in the path to the given point (Fig. 11).  The ratio

between these two quantities is termed the net to gross displacement ratio

(Motion Analysis Corporation, 1990).

Qualitative and quantitative visualization protocol.  In preliminary

studies designed to view flow patterns and develop general operating conditions,

70 g of Unique™ foil confetti (Unique Industries Inc., Philadelphia, PA 19148)

were introduced into the flow test apparatus by dispersing it in the overflow vat

(Fig. 2).  The pump was operated at several different speeds producing

predetermined flow velocities.  For each test run the flow apparatus was loaded

with 5 disks of the same design and water pumped at a velocity  of 10-40 l/min for

a 5 min test period.  Disk C was mounted on the stainless steel rod in two

different orientations, forward and backward.  The camera was positioned in front

of the middle disk chamber and recorded the flow characteristics of the foil

confetti.

For the quantitative trials, 0.95 cm or 1.90 cm diameter machine finish

polystyrene balls having a spesific gravity of 1.0 (Machining Technologies,

Elmore, OH 43416) were used.  For each test run, five balls (1 black, 4 white) of

the same size were introduced into each disk chamber as the rod and disks were
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positioned in the flow apparatus.  For each ball size, four test trials of 15 min

durations were conducted at three different flow rates (10, 20 and 30 l/min).

Three 30 s long video segments were randomly chosen, digitized and analyzed

with the motion analysis software at a frame rate of 1/30 of a second.  The

software output included ball speed, NGDR and exact location coordinates of the

marked ball in every frame (x;y and x;z planes).  The mean and standard

deviations of the above parameters were calculated and statistically compared.

General experimental design and statistics.  The data were arranged in a

12 factorial design based on two ball sizes (0.95 and 1.90 cm diameter), two disk

designs (A and B) and three flow rates (10, 20 and 30 l/min).  Each combination

was composed of 3 sets of data based on 900 consecutive observations per data

set.  Means, standard deviations and minimum and maximum values for both ball

speed and NGDR were calculated for each data set.  No significant differences

were detected between the three data sets (p≤0.05) and thus they were pooled,

averaged, and their means compared.  Differences in mean and standard

deviations for particle speed and NGDR values were determined by comparing

each mean pair using the Student’s t-test at p≤0.05 (LSD).  Correlation

measurements (mean, standard deviation, x;y plane, x;z plane) were based on a

simple linear correlation coefficient procedure (simple correlation).  (SAS Institute,

1993; Steel and Torrie, 1980).

Calculation of heat transfer and related properties.  In order to simplify

the heat transfer calculations, the thermal process was divided into three

theoretical sections: a. wall to fluid- the medium is heated from an initial

temperature Tb1 to Tb2 while the particle temperature remains constant at Ti;  
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b. fluid to particle- the medium temperature remains constant at Tb2 while the

particle is heated from Ti to Ta;  and c. microbial lethality- the particle center is

maintained at Ta for a sufficient time to achieve commercial sterility of the particle

(Fig. 13).  Although in practice the temperature of the particle will increase while

the medium is heated from Tb1 to Tb2, a conservative approach was taken since it

was assumed that any changes in particle temperature occurring in section a

would be negligible.  The calculations of the above parameters were based on the

following theories, assumptions and equations.

All equations and parameters in this section refer to general rather than to

localized parameters (i.e., carrier fluid velocity).

It was assumed that the placement of a rod in the middle of the flow apparatus

tube resulted in non circular tube conditions.  When a non circular cross

section is analyzed, at least to a first approximation, many of the calculated

circular tube parameters may be applied to the non circular conditions by

using an effective tube diameter as the characteristic diameter length.  The

tube diameter is termed the hydraulic diameter (Dh) and is defined as:

Dh =
4 × Ac

Pw

[1]

where Ac and Pw are the flow cross sectional area and the wetted perimeter,

respectively.  This diameter is used in calculating such parameters as Reynolds

(ReD) and Nusselt (NuD) numbers (Incropera and Dewitt, 1996).  

The current case study involves heat transfer in a concentric tube

annulus (Fig. 12).  Fluid passes through the space (annulus) formed by the

concentric tubes and convection heat transfer can occur from either the inner
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or outer tube surface.  It is possible to independently specify the heat flux or

temperature at each of the surfaces.  In any case, the heat flux from each

surface may be computed using the following expressions:

q i
" = h i Ts,i − Tm( ) [2]

q o
" = ho To,i − Tm( ) [3]

Separate convection coefficients are associated with the inner and outer

surfaces.  The corresponding Nusselt numbers are:

Nu i =
h i × Dh

k
[4]

Nuo =
ho × Dh

k
[5]

From the general hydraulic diameter equation, the hydraulic diameter Dh is

defined as:

Dh =
4 × π

4( ) × D o
2 − D i

2( )
π × Do( ) + π × Di( ) = D o − D i [6]

For fully developed turbulent flow, the coefficients are a function of the

Reynolds and Prandtl numbers.  However, for a first approximation the inner

and outer convection coefficients may be assumed to be equal and may be

evaluated using the hydraulic diameter equation with the Ditto-Boelter

equations for small or moderate temperature differences (Ts-Tm) or the Sieder-

Tate equation for larger temperature differences.

Ditto-Boelter : NuD =
hd × Dh

k d

= 0.023 × ReD
0.8 × PrD

n [7]
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where n=0.4 for heating (Ts>Tm) and 0.3 for cooling (Ts<Tm) (Incropera and

Dewitt, 1996).

Wall to fluid heating.  This next section describes the heat transfer

parameters between the wall and fluid.

Heat transfer coefficient.  The bulk temperature of the medium is raised

from Tb1 to Tb2 by passing it through a smooth pipe having a constant

wall temperature of Tw and an i.d. of D m.  The first step in calculating the

heat transfer coefficient involves calculating the Prandtl and Reynolds

numbers at Tb conditions: Prb = cp × µ/k [8]

Reb = (ρb × U × D)/ µb [9]

The heat transfer coefficient is calculated using the Sieder-Tate equation.

For turbulent conditions with a large temperature difference between wall

and fluid conditions, the Sieder-Tate equation is recommended.

Nub =
h × D

kb

= 0.023 × Reb
0.8 × Prb

1/3 ×
µb

µw

 

  
 

  

0.14

[10]

The heat transfer coefficient is solved by:

h =
kb

D
 
 

 
 

× 0.023 × Reb
0.8 × Prb

1/3 ×
µb

µw

 

  
 

  

0.14

[11]

(Fogiel, 1993)



100

The heat transfer coefficient is used for calculating the tube length

required for the come up time.  In all systems we assume there is an

energy balance for all unit operations:

heat loss from tube = heat gained by fluid

h × π × D × L( ) × Tw − Tb( ) = ρ ×
π × D2

4
× U × cpb

×∆Tb [12]

From the above equation, the tube length (L) can be calculated as:

L =
ρ × D × U ×c p b

× ∆Tb

4 × h × Tw − Tb( ) [13]

(Fogiel, 1993)

Fluid to particle heating.  This section describes the heat transfer parameters

between the fluid and particle.

Heat transfer coefficient.   When a sphere of diameter D is in an initial

equilibrium at Ti and is subjected to a medium at Tm having a velocity of U

m/s for a period of ta [time for the center of the sphere to reach a critical

value Ta(0,ta)], the following assumptions were made: a. the exposure of

the particle to the medium is sudden; b. one dimensional conduction in

radius; and c. constant properties (i.e., velocity, density, etc.).  The

Whitaker correction for the Nusselt equation expresses the heat transfer

coefficient in boundary layers associated with flow over a sphere:

Nu D =
h × D

k m

= 2 + 0.4 × ReD

1
2( ) + 0.06 × ReD

2
3( )[ ]× Prm

0.4 ×
µm

µT

 
 
  

 
 

0.25

[14]

where: Re D =
U × D

v
[15]



101

therefore: h =
Nu D × K m

D
[16]

Calculation of come up time (ta). Come up times are calculated using

either the lump capacitance method or the one term approximation

method.  To determine which method to apply, a Biot number (Bi) should

be calculated to reduce the error associated with this estimation.

Bi =
h × r0

3 × k
[17]

or in the conservative approach:

Bi =
h × r0

k
[18]

When the Bi is less than 0.1, the come up time should be calculated using

the lump capacitance method.  If greater than 0.1 the one term

approximation method should be employed.

Lump capacitance method.  The lumped capacitance method assumes

that the temperature of the solid is spatially uniform at any instant

during the transient process.  This assumption implies that temperature

gradients within the solid are negligible.  From the lump capacitance

method:

t a =
ρ × V × cp

h × As

× ln
Ti − Tm

Ta − Tm

[19]

where V =
π × D3

6
    [20]  and A s = π × D2     [21],  therefore:

t a =
ρ × cp × D

6 × h
× ln

Ti − Tm

Ta − Tm

[22]
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One term approximation method.  When the lumped capacitance

method is not appropriate (Bi > 0.1) and the temperature of the sphere

is uniform at t=ti then the one-term approximation may be used for

calculating from t=ti to t=ti+ta.  The time (ta) at which the center reaches

Ta as expressed by Ta(0,ta) can be calculated by rearranging the

following equation:

Fo = −
1

ξ1
2 × ln

θo
*

C1

 

  
 

  = −
1

ξ1
2 × ln

1

C1

×
Ta − Tm

Ti − Tm

 

  
 

  [23]

where t a =
Fo × r0

2

α
[24]

The Biot number should now be recalculated as:

Bi =
h × r0

k
[25]

The coefficients ξ and C1 used in the one-term approximation are

obtained from tables (Whitaker, 1985;  Incropera and DeWitt, 1996).

Microbial lethality.  D value is the decimal reduction time or the time

required to destroy 90% of the microbial population.  This value is equal to

the number of minutes required for the survivor curve to traverse one log

cycle on a survivor/heating time destruction curve.  Mathematically it is equal

to the reciprocal of the slope of the survivor curve and is a measure of the

death rate of an organism.  When D is determined at 121°C it is often

expressed as Dr.  The approximate heat resistance of C. botulinum spores

(types A and B) at 121°C is 0.21 min.
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F value is the equivalent time in minutes at 121°C, of all heat

considered, to destroy spores or vegetative cells of a particular organism.  The

integrated lethal value of heat received by all points in a container during

processing is designated Fs or Fo.  This value represents a measure of the

capacity of a heat process to reduce the number of spores or vegetative cells

of a given organism per container.  When we assume instant heating and

cooling throughout the container of spores, vegetative cells or food, Fo may be

derived as follow:

Fo = Dr × (log a - log b) [26]

where a = number of cells in the initial population, and b = number of cells in

the final population (Jay, 1992).

RESULTS AND DISCUSSION

Qualitative visualization.  The effects of four disk designs and four water

velocities (10, 20, 30 and 40 l/m) on confetti flow patterns were investigated in

the test apparatus by monitoring the video recordings of 16 test runs (Fig. 14).  A

typical flow profile of the four disk designs consisted of an acceleration of the

confetti velocity as it approached and passed through the gap between the disk

and the tube wall.  On the trailing side of the disk the confetti velocity decreased

with some following a path parallel to the inner tube wall while another portion

was pulled into a whirlpool-like motion immediately behind the disk.  Regardless

of the disk design, an increase in fluid velocity resulted in higher turbulence in the

compartments.  Confetti flow patterns did not vary appreciably across the four

disk types.  Disk A (90° edges) resulted in a circular confetti flow pattern
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downstream of each disk which continued over a third of the downstream

compartment.  With disk B (bowl shape), the circular flow pattern continued over

approximately two-thirds of the downstream compartment.  Disk C

(diagonally-cut groves) resulted in a similar flow pattern as disk A except that it

extended over half of the downstream compartment.  When disk C was mounted

in a reverse configuration (groves on the trailing disk face), no significant

changes in the flow pattern were observed except for the appearance of a strong

current along the trailing edge of the disk.

The area between the inner tube wall and the center rod is 125.41 cm2 per

compartment and approximately 24.07 cm2 between the tube wall and the disk

edge  (Table 3).  Since mass flow in the apparatus is known, the speed (v) of the

liquid can be calculated using the mass flow and mass balance equations.

˙ m = A × v × ρ [27]

A1 × v1 × ρ1 = A2 × v2 × ρ2 [28]

or A1 × v1 = A2 × v2    [29]

Using the above equations, the water flow velocity through the disk gap was

estimated to be approximately 5.2 times faster than the average velocity up or

downstream of the disk.  This calculation agrees with the observed increase in

confetti velocity as it passed through the disk gap.  This quantitative assessment

indicates that disk design, as opposed to increasing flow rate, had a greater

influence on creating compartmental flow turbulence.  Disk B appears to have

created the most turbulent flow conditions.  Based on these preliminary studies it
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was decided to limit  the quantitative experiments to examining only disk A and

B at flow rates of 10, 20 and 30 l/min.

Quantitative visualization.  The ball coordinates from all test runs were plotted

as illustrated in Figure 15.  Balls exposed to lower flow rates had more

concentrated plot profiles or less overall movement than balls exposed to higher

flow rates (Fig. 16).

Variance is a measure of spread or variability in a set of observations.  This

statistic is used in deciding whether an observation is an ordinary or unusual

value in a specified population.  The square root of the sample variance is termed

standard deviation (Steel and Torrie, 1980).  Since an objective of the present

study was to identify and recommend process parameters (i.e., disk configuration,

flow rate) leading to maximum particle distribution and flow turbulence in the

hydrostatic heating apparatus, a large standard deviation of the test parameters

was desirable and indicated greater turbulence.  For particle speed, large standard

deviations indicate a wide range in particle velocities.  As for NGDR, a larger

standard deviation is associated with more changes in ball position over time.

Speed.  A high degree of correlation was detected between the x;y and x;z

speed means and standard deviations.  A comparison between the x;y and x;z

planes, sorted by ball size and disk design, yielded r2 values ranging from

0.902 to 0.999 for the mean speeds and 0.835 to 0.996 for the standard

deviation values (Table 4).  Within the x;y plane, the mean speed was highly

correlated to the standard deviations with r2 values ranging from  0.975 to

0.999, while those in the x;y plane, yielded values ranging from 0.954 to

0.0998 (Table 4).  These high correlations between x;y and x;z planes suggest
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that only one plane needs to be monitored.  Furthermore, higher mean ball

velocities also yielded a larger variation in ball velocities.  

In general, the concave shape of disk B yielded higher mean ball

speeds than disk A.  Furthermore, smaller diameter balls and increased flow

velocities, especially at 30 l/min, resulted in faster ball speeds and greater

variation in ball speeds  (Fig. 17).  

For disk B, the average speed and standard deviation of the 0.95 cm

diameter ball in the x;y plane were significantly higher at 30 l/min than any

other ball size / disk design / liquid flow rate combination  (4.99, 3.88 cm/s

respectively) (Fig. 18-19).  Within disk B, for both 0.95 and the 1.90 cm

diameter balls, the 30 l/min flow rate also yielded a significantly higher ball

speed  (4.99, 3.36 cm/s respectively) and standard deviations  (3.88, 2.36 cm/s

respectively).  No significance different in mean ball speed was detected

between the 10 and 20 l/min flows for disk B.  Although both ball sizes had

similar specific gravity (~1.0), the speed of the smaller spheres were was

significantly faster at 30 l/min for the 1.90 cm balls.  This data agrees with the

qualitative data generated using the foil confetti in which faster flow yielded

faster confetti movement.

With some exceptions, the mean ball speeds recorded in the x;z plane

followed the same patterns as the ball speeds observed in the x;y plane

(Fig. 18, 20).  This observation is supported by the high correlation (r2>0.9)

detected between the x;y and x;z speed data (Table 4).  The mean and

standard deviation ball velocities at 30 l/min for disk A were higher (P>0.05)

in the x;z plane (4.70, 3.09 cm/sec respectively for the 0.95 cm ball and 3.33,
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2.46 cm/sec respectively, for the 1.90 cm ball) than observed in the

corresponding x;y plane (2.73, 2.38 cm/sec respectively for the 0.95 cm ball

and 1.81, 1.66 cm/sec respectively, for the 1.90 cm ball) (Fig. 18-21).  Within

ball size and flow rate, disk type generally did not significantly influence the

mean ball speed and standard deviations.  Within disk A and the x;z plane, the

average speed of the 0.95 cm balls at a flow velocity of 30 l/min was

significantly faster (4.7 cm/s) than the speed of the 1.90 cm balls (3.33 cm/s)

(Fig. 20).  The corresponding standard deviations followed the same trends as

observed for the mean speeds. The 0.95 cm ball standard deviations

(3.09 cm/s) were significantly higher than the 1.90 cm balls (2.46 cm/s)

at 30 l/min (Fig. 21).  It appears that combination of disk B and exposure to

flow velocities equal to 30 l/min exert a greater influence on the x;y plane ball

speed than in disk A.  This may be a direct result of the concave shape of

disk B.

NGDR.  Similar to ball speed, an increase in flow velocity from 10 to 30 l/min

resulted in an increase in the mean x;y plane NGDR value for the 0.95 cm balls

(disk A and B) and 1.90 cm balls (disk B).  and 0.95 (disk A) and 1.90 cm balls

(disk A and B) in the x;z plane.  The larger the NGDR value, the greater the

movement of the polystyrene balls (Fig. 22).  Mean and standard deviation

NGDR values within and across planes were highly correlated (r2 > 0.93) for

0.95 cm balls (disk A) and 1.90 cm balls (disk B).

Increasing flow velocities had its greatest impact on NGDR values

across planes with the 1.90 cm ball and disk B combination (Fig. 23).  With

this combination, NGDR values increased significantly over the tree flow
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velocities.  The overall distance the ball traveled was not generally influenced

by disk configuration or ball size.  Some exceptions included the following

test configurations: 1.90 cm balls, 30 l/min, disk A versus disk B (x;y plane);

and 10 and 20 l/min, disk B, 0.95 versus 1.90 cm balls (x;y plane).  In the first

exception, disk B resulted in greater ball movement than disk A.  For the other

two exceptions, the smaller ball traveled significantly greater distances.  NGDR

standard deviation values were not influenced by flow velocity, ball size or

disk shape (Fig. 24).  

In the x;z plane, flow velocity significantly influenced the mean NGDR

values for the 0.95 and 1.90 cm balls and disk A combinations and 1.90 cm

balls and disk B combination (Fig. 25).  The higher the flow velocity, the

greater the ball movement.  Furthermore, smaller balls moved greater distances

in both planes than larger balls for the 10 l/min and disk B combination.  The

reverse was true at 30 l/min (x;z plane).  Disk B also generated more overall

movement of the 0.95 cm balls in the x;z plane at 10 l/min than disk A.  

NGDR standard deviations were not influenced by flow rate, ball size or disk

shape (Fig. 26).  

In summary, disk design influenced both ball speed and NGDR means at the

30 l/min flow rate.  The concave shape of disk B produced more flow variations

than the flat face configuration of disk A.  Thus, the B disk design would be

recommended for situations in which greater turbulent flow is required with

compartments.  Another anticipated conclusion is that in most cases increases in

flow velocity resulted in, significantly higher speed and NGDR means and

standard deviations.  This finding suggests that an increase in cable conveyor
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speed will result in greater turbulence within the compartments of the hydrostatic

heating apparatus or other compartmented flow configurations.  Graphs of the

speed and NGDR mean and standard deviations for both the 0.95 and 1.90 cm

diameter balls produced similar patterns under the same operating conditions.

While having similar densities, it appears the smaller balls at the highest flow

velocity were subjected to more movement and agitation than the larger balls.

This may be explained by the fact that smaller shapes are less likely to be

captured between two different streams/forces at the same time (Werlé, 1989).

The high correlation detected between the x;y and x;z plane values (mean and

standard deviation speed and NGDR values) indicated that future flow recordings

may only require measurement in one plane.  Based on these findings, the

quantitative flow visualization method described in this study appears to be an

excellent analytical tool for describing the three dimensional movement and

behavior of particles in a fluid stream.  Previous visualization of fluid systems

investigations have demonstrated that particle flow behavior can be visualized

qualitatively (Lee at al., 1995;  Salengke and Sastry, 1995).  The visualization and

analysis methods used in this present study yielded both qualitative and

quantitative data.

In future applications, the flow visualization and measurement methods

employed in this study may be useful for comparing and contrasting the flow

characteristics of different pasteurization systems or any other system involving

liquid flow.  The basis of these comparisons would be the calculated mean speed

and NGDR values and their standard deviations.  Since these methods offer an

objective numerical comparison as opposed to the standard subjective



110

visualization procedures, the investigator is provided with more objective

information that can be used in system design as well as aiding regulatory

approvals.  For example, speed and NGDR values having small standard deviations

may describe systems having more uniform flow characteristics and less

turbulence.

Calculation of heat transfer and related properties.  The goal of the last

phase of this study was to calculate tube wall to fluid and fluid to particle heat

transfer coefficients in a simulated hydrostatic heating apparatus and the time

required to complete the above heat penetration phase using information

generated in the previous section and some general assumptions.

Wall to fluid heating.   In calculating the heat transfer properties of the

hydrostatic heating apparatus, several assumptions were made concerning the

system component temperatures.  An initial ambient water temperature of 25°C

was assumed.  Secondly, since the temperature of the aqueous heating medium is

assumed to be higher than the particulates, target temperatures of 125°C and

121°C, respectively, were chosen for the liquid medium and particle final

temperatures.  The liquid was heated with 165°C saturated steam at 6.805 atm.

Based on the above assumptions and conditions, a table of properties was

compiled (Table 6).

Prior to calculating the heat transfer coefficient, the Re number, a

component of the Nu number, was first calculated.  Based on the heat transfer

coefficient, the length of pipe required for heating the product and the

corresponding heating time can be derived. Table 7 summarizes the effect of pipe
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diameter and medium velocities on the Re number, Nu number, heat transfer

coefficient, and the time and pipe length required to achieve the target

temperature.  A combination of three pipe diameters and three medium velocities

were the basis for this numerical comparison.  For a given liquid, the two variables

in the Re equation are velocity and tube diameter.  A change in magnitude of n

for either of these variables will result in a similar change in the Re number.  For

example, tripling either the velocity or the tube diameter, will increase the Re

number by three folds.  A n  change in either medium velocity or tube diameter

will result in a change of n 0.8 in the Nu number.  In other words, as medium

velocity and tube diameters increase the Nu number increases by n 0.8 .  A similar

change of n 0.8  in heat transfer coefficient was detected as medium velocity was

varied.  Conversely, increasing tube diameters will change the heat transfer

coefficient by n -0.2.  Furthermore, as tube diameters  and flow velocities increase,

the length of tubing required to complete the heating increases by n 1.2  and n 0.2 ,

respectively.  Process times are also influenced by changes in tube diameter and

flow velocities such that increasing tube diameters and medium velocities require

either increasing process times of n 1.2 or decreasing times of n -0.8, respectively

(Table 8).  Although an increase in tube wall temperature will not effect the heat

transfer coefficient values, it will shorten both the tube length and process time

required to achieve a desired end point temperature.  The same impact is also

achieved when the initial liquid temperature is increased.

Fluid to particle heating.   The parameters described in this section are

associated with the flow of the liquid around a particle.  The Re and Nu numbers
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for this boundary layer are recalculated using the equations described in the

materials and methods section.  The assumed parameter values used in these

calculations are based on those described in Table 6 whereas the particle

properties are those of a potato.  Another major assumption is that the speed of

the particle in the medium is equal to the velocity of the fluid/particle boundary

layer.  Table 9 summarizes the effect of particle diameter and velocity on the Re

number, Nu number and heat transfer coefficient.  A combination of three particle

diameters and three flow velocities were used as the basis for this comparison.

Similar to the findings observed in the wall to fluid boundary calculations, neither

Re, Nu or the heat transfer coefficient are influenced by changes in either liquid or

particle temperature gradients.  A positive linear correlation was observed

between Re numbers and changes in medium velocity and particle diameter.

Similarly, the Nu number also increased linearly as medium velocity and particle

diameter increase.  Moreover, the heat transfer coefficients decline exponentially

with increases in particle diameter.  This exponential decline is based on the heat

transfer coefficient equation in which the Nu number is multiplied by a thermal

conductivity factor and than divided by the tube diameter.  In contrast, a

hyperbolic response was observed between velocity changes and heat transfer

coefficients.

The time required to achieve a designated temperature in the center of the

particle can be calculated by either employing the lump capacity method or the

one term approximation method  (Whitaker, 1985;  Incropera and DeWitt, 1996).

In both cases, the temperature gradient plays a major role in the calculations.

Either wide variations between heating medium and designated particle
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temperature or small variations between the initial and final particle temperatures

will shorten the come up time.  In cases where the lump capacity method is used,

changes in heat transfer coefficient values are negatively correlated to process

time.  As for the one term approximation method, there is no direct correlation

between the heat transfer coefficient values and process time since heat transfer

coefficient values are not used for calculating process times. Despite this fact,

changes in the come up time are negatively correlated to changes in the heat

transfer coefficient values.

Tables 10 and 11 summarize the Re and Nu numbers, heat transfer

coefficients, and calculated process times based on the averaged experimental ball

velocities (x;y, x;z planes) recorded for the two ball sizes and two disk designs

(disk A- Table 10, disk B- Table 11).  As expected, the time required for heating

the center of the larger particle was approximately 4 times longer than the smaller

particle.  Furthermore, an increase in particle velocity yielded small decreases in

process times.  As indicated in Table 11, a doubling in particle velocity results in

about a 6% decrease in process times whereas a 4 fold increase in velocity

yielded around an 11% decrease in process time.  Under the conditions assumed

in Table 6, the average time required to heat the center of a 0.95 cm particle to

121°C at a flow velocity of 30 m/s is 60.47 sec for disk A and 59.20 sec

for disk B.  

Microbial lethality.   The approximate heat resistance of C. botulinum spores

(types A and B) is Dr.(121°C) = 0.21 min (Jay, 1992).  According to FDA regulations,

a 12-D reduction of C. botulinum should be applied when calculating process
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lethality.  The 12-D concept refers to the process lethality requirement used by

the canning industry and is defined as the minimum heat process required to

reduce the probability of survival to 10-12 for the most heat resistant C. botulinum

spores.  Since C. botulinum spores do not germinate and produce toxin below pH

4.6, this concept is applied only for foods above this pH value (Jay, 1992).  

If each particle contains only one spore of C. botulinum, Fo is calculated

by the following equation:

Fo = Dr × (log10 a - log10 b) [30]

or Fo = 0.21 × (log10 1 - log10 10-12) [31]

Fo = 0.21 × 12 = 2.52 [32]

Processing for 2.52 min at 121°C should theoretically reduce the population of C.

botulinum spore population to one spore in 1 billion particles (10-12).

Based on the assumptions and calculations detailed above, the total time

required to commercially sterilize a 0.95 cm diameter potato exposed to a 30 l/min

flow is approximately 4 min.  This process time period includes a 1 min come-up

from 25°C to 121°C and a 3 min holding time at 121°C.  The time needed for

heating the medium was not taken into consideration since it was assumed that

this task can be accomplished prior to introducing the particles into the

liquid medium.

Based on the successful assessment of the quantitative flow visualization

tool in this study, it is anticipated that this method may be useful for comparing

flow characteristics of particles in other food conveying systems (i.e., continuous
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aseptic pasteurizers).  The fact that the movement of a particle in a given system

can be documented and characterized suggests that similar comparisons of

particle movements can be achieved in other systems or factors influencing flow

can be readily evaluated.  Furthermore, this method will allow process engineers

to make recommendations on specifications (i.e., conveyor disk design, liquid

velocity, particulate load, etc.) of future designs of the hydrostatic heating

apparatus or any other system designed for conveying particulates.
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NOMENCLATURE

Abbreviation Units

a = number of cells in the initial population.......................................-

A = area....................................................................................................m2

Ac = cross sectional area..........................................................................m2

As = area of sphere...................................................................................m2

b = number of cells in the final population.........................................-

Bi = Biot number......................................................................................-

C1 = coefficient.........................................................................................-

cp = specific heat of sphere @ T............................................................J/kg °K

cpb = specific heat of medium @ Tb.........................................................J/kg °K

cpm = specific heat of medium @ Tm........................................................J/kg °K

D = diameter of pipe or sphere..............................................................m

Di = diameter of internal tube.................................................................m

Dh = hydraulic diameter...........................................................................m

Do = diameter of external tube................................................................m

Dr = death rate of microorganism...........................................................min

F0 = integrated lethality..........................................................................min

h = heat transfer coefficient..................................................................W/m2 °K

h = heat transfer coefficient associated with flow over a sphere....W/m2 °K

hD = heat transfer coefficient associated with Dh ................................W/m2 °K

k = thermal conductivity of sphere @ T.............................................W/m °K

kb = thermal conductivity of medium @ Tb .........................................W/m °K

km = thermal conductivity of medium @ Tm .........................................W/m °K
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L = length of pipe...................................................................................m

˙ m = mass flow rate...................................................................................kg/s

n = natural number.................................................................................-

Nu = Nusselt number................................................................................-

Nu D = Nusselt number associated with flow over a sphere..................-

Nub = Nusselt number @ Tb.......................................................................-

NuD = Nusselt number calculated using Dh .............................................-

Pw = wetted perimeter..............................................................................m

Pr = Prandtl number.................................................................................-

Prb = Prandtl number @ Tb ......................................................................-

PrD = Prandtl number calculated using Dh..............................................-

Prm = Prandtl number @ Tm ......................................................................-

q”
i = heat flux from internal tube to fluid..............................................W/m2

q”
o = heat flux from external tube to fluid.............................................W/m2

r0 = radius of sphere................................................................................m

Re = Reynolds number............................................................................-

ReB = Reynolds number @ TB ..................................................................-

ReD = Reynolds number calculated using Dh .........................................-

ta = time required to reach Ta(0,ta)........................................................sec

T = averaged temperature of sphere....................................................°C or °K

Ta(0,ta) = temperature at the center of the sphere........................................°C or °K

Ti = initial temperature of the sphere....................................................°C or °K

Tm = temperature of the medium.............................................................°C or °K

Ts.i = surface temperature of internal tube.............................................°C or °K
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Ts.o = surface temperature of external tube............................................°C or °K

Tw = wall temperature .............................................................................°K

Tb = averaged bulk temperature ...........................................................°K

Tb1 = bulk temperature of entering medium...........................................°K

Tb2 = bulk temperature of exiting medium.............................................°K

U = average fluid velocity.....................................................................m/sec

Um = velocity of medium..........................................................................m/s

v = kinematic viscosity of medium @ T..............................................m2/s

v = velocity............................................................................................. m/s

V = volume of sphere.............................................................................m3

α = thermal diffusivity of a sphere.......................................................m2/s

ξ = coefficient.........................................................................................-

∆Tb = temperature change in medium......................................................-

ρ = density of a sphere @ T..................................................................kg/m3

ρ = density of the liquid medium..........................................................kg/m3

ρb = density of the liquid medium @ Tb ................................................kg/m3

µb = viscosity of medium @ Tb ...............................................................Pa sec

µm = viscosity of medium @ Tm ..............................................................Pa sec

µT = viscosity of medium @ T................................................................Pa sec

µw = viscosity of medium @Tw ...............................................................Pa sec
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TABLES

Table 1. The effect of pressure on the boiling point of water1.

Pressure Boiling point

Psi Atm Water 2(m) °F °C

14.96 1 0 212.00 100.00

29.39 2 10.33 249.09 120.60

35.00 2.38 14.24 259.29 126.28

1 Smith and Van Ness, 1987.
2 Height of water column which would result in the stated pressure.

Table 2. Dimensions of the pilot plant apparatus.

Diameter (cm) Radius (cm) Area (cm2)

Tube (i.d.) 12.7 6.35 126.68

Disk 11.43 5.71 102.61

Disk support collar 3.81 1.90 11.40

Rod 1.27 0.63 1.27

Table 3. Areas in different sections of the pilot plant apparatus.

Area between tube wall and cm2

Tube Rod 125.41

Disk Disk 24.07

Disk collar Support collar 115.28
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Table 4. Linear correlation coefficients between mean and standard

deviation ball velocities in the x;y and x;z planes as influenced by

disk design (A, B) and ball size (0.95 and 1.90 cm)  (n=2700).

Disk A Disk B

0.95 cm 1.90 cm 0.95 cm 1.90 cm

mean x;y and mean x;z 0.999 0.994 0.902 0.999

STD x;y and STD x;z 0.972 0.963 0.835 0.996

mean x;y and STD x;y 0.975 0.978 0.987 0.999

mean x;z and STD x;z 0.954 0.984 0.954 0.998

Table 5. Linear correlation coefficients between mean and standard

deviation NGDR values in the x;y and x;z planes as influenced by

disk design (A, B) and ball size (0.95 and 1.90 cm)  (n=2700).

Disk A Disk B

0.95 cm 1.90 cm 0.95 cm 1.90 cm

mean x;y and mean x;z 0.937 0.617 0.107 0.999

STD x;y and STD x;z 0.948 0.258 0.314 0.993

mean x;y and STD x;y 0.981 0.239 0.703 0.988

mean x;z and STD x;z 0.974 0.999 0.881 0.999
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Table 6. Initial, final and average temperatures of the tube wall, water and

particle (potato) and related heat transfer properties of water at

different temperatures.  

Temperature (T) wall 165 °C

water initial 25 °C

final 125 °C

average 75 °C

particle initial 25 °C

final 121 °C

average 73 °C

Specific heat (Cp) water 73 °C 4188.8 J/kg °K

75 °C 4190 J/kg °K

125 °C 4241 J/kg °K

Thermal conductivity (k) water 73 °C 0.55 W/m °K

75 °C 0.671 W/m °K

125 °C 0.69 W/m °K

Viscosity (µ) water 73 °C 3.95E-04 Kg/m sec

75 °C 3.84E-04 Kg/m sec

125 °C 2.28E-04 Kg/m sec

165 °C 1.70E-04 Kg/m sec

Density (ρ) particle 73 °C 977 kg/m3

water 75 °C 974.9 kg/m3

Prandtl number (Pr) water 75 °C 2.23

125 °C 1.375

Thermal difusivity (α) particle 73 °C 1.70E-07 m2/s

Kinematic viscosity (v) water 125 °C 2.35E-07 m2/s
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Table 7. Effect of tube diameter and medium velocity on Re and Nu numbers,

heat transfer coefficient, and the length of pipe and time required to

achieve a desired temperature of 121°C.

Pipe diameter (m) 0.0127 0.0889 0.1143 0.1143 0.1143

Medium velocity (m/s) 0.042 0.042 0.042 0.028 0.014

Re number 1,353.28 9,472.96 12,179.52 8,119.68 4,059.84

Nu number 10.77 51.11 62.49 45.18 25.95

Heat transfer coefficient (W/m2) 569.26 385.74 366.83 265.21 152.32

length to achieve temperature (m) 1.06 10.98 14.85 13.69 11.92

time to achieve temperature  (s) 25.31 261.50 353.55 489.02 851.43

1 Properties of heated medium are summarized in Table 6.

Table 8. Mathematical relationships between changes of n magnitude in

diameter and medium velocity on Re and Nu numbers,  heat transfer

coefficient, and the length of pipe and time required to achieve a

desired temperature.

Tube diameter Medium velocity

Re number n1 n1

Nu  number n0.8 n0.8

Heat transfer coefficient (W/m^2) n -0.2 n 0.8

Length required to achieve temperature (m) n 1.2 n 0.2

Time required to achieve temperature (s) n1.2 n -0.8
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Table 9. The effect of varying particle diameters and medium velocities on

heat transfer properties.

Particle diameter (m) 0.01 0.015 0.0225 0.0225 0.0225

Velocity (m/s) 0.01 0.01 0.01 0.02 0.04

Re number 425.53 638.30 957.45 1,914.89 3,829.79

Nu number 13.53 16.41 20.02 28.49 41.04

Heat transfer coefficient (W/m2) 927.38 749.81 610.01 867.89 1,250.46



Table 10. Biot, Re and Nu numbers, heat transfer coefficient and time to achieve a required temperature based

on average velocities of polystyrene balls using disk A.

Particle diameter (m) 0.0095 0.0095 0.0095 0.019 0.019 0.019

Experimental ball velocity  (m/s) 0.0113 0.01585 0.0374 0.0139 0.0132 0.0257

Biot Number*: conservative 2.91 3.41 5.24 4.51 4.39 6.17

common 8.7158 10.2436 15.7171 13.5196 13.1732 18.5218

Parameters: ξ (rad) 2.7933 2.8399 2.9217 2.8889 2.8837 2.9636

   c 1.9053 1.9262 1.9553 1.9436 1.9418 1.9702

Re number 456.81 640.74 1,511.91 1,123.83 1,067.23 2,077.87

Nu  number 13.99 16.44 25.22 21.69 21.14 29.72

Heat transfer coefficient**  (W/m2) 1,009.20 1,186.10 1,819.88 782.72 762.66 1,072.31

time to achieve  temperature**  (s) 65.72 63.76 60.47 247.03 247.86 235.55

* Since Bi > 0.1, for both the common and the conservative calculations, the one term approximation
method was used.

** Properties of heated medium and particle appear in Table 6.



Table 11. Biot, Re and Nu numbers, heat transfer coefficient and time to achieve a required temperature based

on average velocities of polystyrene balls using disk B.

Particle diameter (m) 0.0095 0.0095 0.0095 0.019 0.019 0.019

Experimental ball velocity (m/s) 0.01105 0.02325 0.0484 0.0065 0.01575 0.0356

Biot Number*: conservative 2.87 4.12 5.98 3.10 4.80 7.32

common 8.62 12.36 17.95 9.31 14.40 21.97

Parameters: ξ (rad) 2.7898 2.8716 2.9551 2.8144 2.9020 2.9959

   c 1.9037 1.9375 1.9672 1.9151 1.9483 1.9804

Re number 446.70 939.89 1,956.60 525.53 1,273.40 2,878.30

Nu  number 13.84 19.84 28.81 14.95 23.11 35.26

Heat transfer coefficient**  (W/m2) 998.65 1,431.51 2,078.62 539.21 833.71 1,272.21

time to achieve  temperature**  (s) 65.87 62.45 59.20 259.29 244.95 230.81

* Since Bi > 0.1, for both the common and the conservative calculations, the one term approximation
method was used.

** Properties of heated medium and particle appear in Table 6.
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Figure 1. A comparison of a hydrostatic heating apparatus system with a

moving cable-conveyor (top) and a system with stationary disks

(bottom) (Vc: cable conveyor velocity, Vi: inlet liquid flow rate).
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Figure 2. General design of the model pilot plant hydrostatic heating

apparatus.
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Figure 3. General measurements of ‘Design A’ disk.
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A.   B. 

Figure 4. View of ‘Design A’ disk mounted on a stainless steel rod (A. front

view, B . back view).
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Figure 5. General measurements of ‘Design B’ disk.
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A.  B.

Figure 6. View of ‘Design B’ disk mounted on a stainless steel rod (A. front

view,  B. back view).

Figure 7. A general scheme of ‘Design B’ disk.
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Figure 8. Design and construction dimension of ‘Design C’ disk.

A.  B.

Figure 9. View of ‘Design C’ disk mounted on a stainless steel rod (A. front

view,  B. back view).
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Figure 10. General placement of a mirror beneath the plexi-glass tube to

simultaneously view the x;y and x;z planes.
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Figure 11. Measurement of gross (AB) and net (Ac) displacements between

points A and B, for calculating net-to-gross-displacement-ratio

(NGDR) (Ac/AB) (gross = actual path of the particle).
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Figure 12. A simplified chart to represent heating of the particle cold spot via a

heated medium.  a. medium is heated (from Tb1 to Tb2) while the

particle temperature remains constant (Ti);  b. medium temperature is

constant (Tb2) while the particle is heated (from Ti to Ta);  c. particle

cold spot is maintained at a constant temperature (Ta) for a

sufficient time to achieve commercial sterility of the particle.
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Figure 13. The concentric tube annulus.
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A.

B.

Figure 14. A general front view of the tube (top) and the reflecting mirror

(bottom) as observed in the qualitative visualization studies (A. low

load of foil confetti;  B. high load of foil confetti).



A. B.

   

Figure 15. Typical flow profile obtained from x;y,z coordinates (30 sec;  n=900;  0.95 cm diameter ball; disk

design B; 30 l/min flow rate).  A. plot of ball migration pattern relative to inner tube dimension.  B. an

expanded view of the ball migration pattern.



A. B.

      

Figure 16. Effect of flow rate on ball migration patterns obtained from x;y,z coordinates (30 sec;  n=900;  0.95 cm

diameter ball; disk design B; 30 l/min flow rate).  A. 10 l/min flow rate.  B. 30 l/min flow rate.
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Figure 17. Effect of disk design and liquid flow rate on the mean speed and standard deviation of different

diameter polystyrene balls in x;y and x;z planes.  A: mean x;y, B: standard deviation x;y, C: mean x;z,

D: standard deviation x;z, (n=2,700;  10 l/min,  20 l/min,  30 l/min).
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Figure 18. Effect of disk design and liquid flow rate on the average speed of different diameter polystyrene balls

in the x;y plane.  Means (n=2,700) with different letters are significantly different (PW0.05;  10

l/min,  20 l/min,  30 l/min).
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Figure 19. Effect of disk design and liquid flow rate on the speed standard deviation of different diameter

polystyrene balls in the x;y plane.  Means (n=2,700) with different letters are significantly different

(PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure 20. Effect of disk design and liquid flow rate on the average speed of different diameter polystyrene balls

in the x;z plane.  Means (n=2,700) with different letters are significantly different (PW0.05;  10

l/min,  20 l/min,  30 l/min).
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Figure 21. Effect of disk design and liquid flow rate on the speed standard deviation of different diameter

polystyrene balls in the x;z plane.  Means (n=2,700) with different letters are significantly different

(PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure 22. Effect of disk design and liquid flow rate on the mean net-to-gross-displacement-ratio (ngdr) and

standard deviation of different diameter polystyrene balls in x;y and x;z planes.  A: mean x;y, B:

standard deviation x;y, C: mean x;z, D: standard deviation x;z, (n=2,700;  10 l/min,  20 l/min, 

30 l/min).
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Figure 23. Effect of disk design and liquid flow rate on the mean net-to-gross-displacement-ratio (ngdr) of

different diameter polystyrene balls in the x;y plane.  Means (n=2,700) with different letters are

significantly different (PW0.05),( 10 l/min,  20 l/min,  30 l/min).
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Figure 24. Effect of disk design and liquid flow rate on the net-to-gross-displacement-ratio (ngdr) standard

deviation of different diameter polystyrene balls in the x;y planes.  Means (n=2,700) with different

letters are significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure 25. Effect of disk design and liquid flow rate on the mean net-to-gross-displacement-ratio (ngdr) of

different diameter polystyrene balls in the x;z plane.  Means (n=2,700) with different letters are

significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure 26. Effect of disk design and liquid flow rate on the net-to-gross-displacement-ratio (ngdr) standard

deviation of different diameter polystyrene balls in the x;z plane.  Means (n=2,700) with different

letters are significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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SUMMARY

This thesis suggested solutions for two different problems.  The first

problem dealt with a need for developing a continuous sterilizer for processing

food particulates while the other problem was associated with the need for

developing a quantitative visualization method for objectively characterizing

flow behavior in aseptic systems.

A recent workshop conducted jointly by NCFST and CAPPS  developed a

case study titled ‘Aseptic Processing of Multiphase Foods Workshop’, which

served as a framework for a FDA process filing of a particulate-laden product.

The case study recommended  that the thermal process be described in three

steps: (i) validation of the RTD of particles, (ii) mathematical modeling of the

lethality for the fastest particle, and (iii) biological validation.

Future FDA filings utilizing the hydrostatic heating apparatus described in

this thesis should follow the same basic three steps.  The RTD issue is eliminated

since the speed of the fastest moving particle is equal to the known speed of the

cable conveyor.  The mathematical model for the lethality of the fastest particle

may be based on the assumption of pure conduction heating.  The simple design

of the apparatus would allow for easy introduction and collection of inoculated

particles as required in the inoculated pack study.

The author believes that the hydrostatic heating apparatus is ready to be

commercialized at least for use with slow cooking food products like potatoes,

poultry and red meat.  Although small and delicate particulates can be processed

with the apparatus, the operation may need to be optimized for handling these

materials to prevent product deterioration.  The optimization study may include
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variables like disk design, space between disks and particle loading in the

compartments.

Based on the successful development of the quantitative visualization

method described in this dissertation, future studies by other food scientists are

warranted to further evaluate, refine and apply this analytical tool to other food

process systems requiring more quantitative information on flow behavior.  The

author hopes that this contribution to the scientific community would be

beneficial to those who would base their future studies and / or businesses on this

dissertation.
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Appendix 1.

United States Patent Number 5,546,849: Hydrostatic Heating Apparatus.



154

U n i t e d  S t a t e s  P a t e n t Patent Number: 5,546,849
Shefet Date of Patent: Aug. 20, 1996

H Y D R O S T A T I C  H E A T I N G  A P P A R A T U S 

Inventor: Sarid M. Shefet, Raleigh, NC

Assignee: North Carolina State University,
Raleigh, N.C.

Appl. No.: 399,201

Filed: Mar. 6, 1995

Int. Cl.6 ............................................................................................. A23L 3/16; A23L 3/22

U.S. Cl. ............................................................................................ 99/330; 99/356; 99/403;
99/470; 99/477; 99/483

Field of Search ...........................................................................................99/331, 330, 356,
99/359-365, 366, 367, 403, 370, 470, 483,

484, 492, 516, 534-536; 132/133, 145,
152; 134/132; 422/292, 297, 307, 308,

304, 20; 426/232, 405-407, 522, 524, 520,
521, 511, 509, 510, 523

References Cited

U.S. PATENT DOCUMENTS

3,793,939 3/1974 Wieser et al. ................................................. 99/483
3,818,818 6/1974 Hice, Sr.
3,927,976 12/1975 Reimers et al............................................... 422/296
4,059,919 11/1977 Green
4,110,481 8/1978 Albright et al.
4,181,072 1/1980 Hirahara
4,385,035 5/1983 Akitoshi et al. ............................................ 422/297
4,543,263 9/1985 Goldhahn .................................................. 426/520
4,547,383 11/1985 Goldhahn
4,604,948 8/1986 Goldhahn .................................................... 99/470
4,830,865 5/1989 McFarlane et al.

 4,863,377 9/1989 Gaignoux et al............................................ 432/133
4,929,463 5/1990 Meyer
4,962,700 10/1990 Skobic et al. ............................................. 99/361 X
5,049,400 9/1991 Hayden ................................................... 422/20 X
5,143,199 9/1992 Evans .......................................................... 99/360
5,161,457 11/1992 Evans ...................................................... 99/362 X
5,199,346 4/1993 Hadley et al.................................................. 99/477
5,215,002  6/1993 Veltman.................................................. 134/132 X
5,275,091  1/1994 McFarlane et al.
5,301,603  4/1994 Mignogna.................................................... 99/359

FOREIGN PATENT DOCUMENTS

1282003 7/1972 Switzerland
 1759338A1 9/1992 Soviet Union

2264037 8/1993 United Kingdom

Primary Examiner - Timothy F. Simone
Attorney, Agent, or Firm - Bell, Seltzer, Park & Gibson



155

ABSTRACT

A hydrostatic heating apparatus comprises an enclosed chamber which is

open to atmospheric pressure and contains the hydrostatic liquid.  The enclosed

chamber has a product inlet opening and a product outlet opening and also has a

heating zone positioned between the product inlet opening and the product

outlet opening.  The apparatus has a transporting device such as a conveyor

positioned in the enclosed chamber which extends through the heating zone for

transporting the particulate product in the liquid from the product inlet opening

through the heating zone to the product outlet opening.  The apparatus maintains

the particulate product in the liquid under hydrostatic pressure in the heating

zone.  The apparatus may be used in combination with an aseptic packager

connected to the enclosed chamber product outlet opening for aseptically

packaging the particulate product.

20 Claims, 6 Drawing Sheets
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HYDROSTATIC HEATING APPARATUS

This invention concerns a method and apparatus for sterilizing a particulate

product in which the product is immersed in a column of heated hydrostatic liquid

which is open to atmospheric pressure.

BACKGROUND OF THE INVENTION

Aseptic food products are processed by heating the food in a sterile

environment at a temperature and time sufficient to kill a reference microorganism

population, and thereafter maintaining the sterility during the filling and

packaging operations.  The unit of measurement, Fo, designates heat treatment of

one minute at 121.1 degrees Centigrade referenced to z=10 degrees Centigrade.

Another unit of measurement, D, indicates in logrithmic scale, the time of heating,

at temperature T, needed to destroy 90% of a designated contaminant population.

An Fo equal to 2.45 minutes is a generally accepted minimum design criterion for

a 12 D destruction for Clostridium botulinum.  However, recognizing that

spoilage generally occurs due to the survival of heat resistant spore-forming

bacteria more resistant than Clostridium botulinum, an Fo equal to five minutes

has been generally accepted for low acid, aseptically processed and packaged

foods.  There is a logrithmic relationship between sterilizing time and temperature,

therefore the higher the processing temperature, the less processing time is

necessary to produce a sterilized product.  In addition, there is a product quality

advantage in using a higher processing temperature because microorganisms are

more temperature sensitive than are many desirable components of food.  This
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advantage is explained by comparing the slope (z) of the thermal death time

curve (TDT) with similar curves for desirable components of food such as thiamin,

chlorophyll, and ascorbic acid.  Thermal death time is the time to achieve sterility

of a suspension containing a known number of cells or spores at any

predetermined temperature.  

Conventional aseptic food processing systems are typically batch based and

typically sterilize food in liquid in a closed system.  These systems typically heat

food particulates and prepackaged products to the requisite times and

temperatures by using pumps, elevated pressure enclosures, and heat exchangers.

The products are generally placed in a surface heat exchanger or in a sealed

chamber and heated in a gaseous environment and pressure cooked.  The scrape

surface heat exchanger tends to mash, shear, or tear the product which may yield

an unacceptable product.  In addition, the conventional batch heating systems

have processing times which include the batch heating and cooling process times.  

A continuous sterilization process which is open to atmospheric pressure

reduces both the process time and amount of energy currently needed to run the

batch type closed systems.  A liquid column increases the boiling point of the

liquid in the sterilization zone and allows the product to be both sterilized and

cooked while being continuously transported through the heated liquid to the

aseptic zone.  The liquid in the sterilization zone acts as a barrier to the aseptic

zone.  In addition, the integrity and texture of the product is preserved by the

reduced processing time.  The increased temperature and reduced process time

will improve the shelf-life, safety, and nutritional aspects of the sterilized product.  
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SUMMARY OF THE INVENTION

A first aspect of the present invention is a hydrostatic heating apparatus for

heating a particulate product in a liquid.  The hydrostatic heating apparatus

comprises an enclosed chamber which is open to atmospheric pressure and

contains the hydrostatic liquid.  The enclosed chamber has a product inlet

opening and a product outlet opening and also has a heating zone that may serve

as an aseptic heating zone positioned between the product inlet opening and the

product outlet opening.  The apparatus also comprises a transporting apparatus

positioned in the enclosed chamber which extends through the heating zone for

transporting the particulate product in the liquid from the product inlet opening

through the heating zone to the product outlet opening.  The apparatus also

comprises a hydrostatic pressure apparatus operatively associated with the

enclosed chamber for maintaining the particulate product in the liquid under

pressure in the heating zone.  Finally, the apparatus includes a heater connected

to the enclosed chamber for heating the particulate product in the liquid under

pressure in the heating zone.  

A second aspect of the present invention is a combination heating and

packaging apparatus comprising a hydrostatic heating apparatus as given above

and with an aseptic packager connected to the enclosed chamber product outlet

opening for aseptically packaging the particulate product.  

A third aspect of the invention is a method for the continuous heat-treatment

of a particulate product.  The method comprises the steps of: (a) providing a liquid

column which is open to atmospheric pressure, where the liquid column has an

upper portion and a lower portion, the upper portion having a volume sufficient
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to increase the boiling point of the liquid in the lower portion by a predetermined

amount; (b) heating the liquid in the liquid column lower portion to a temperature

sufficient to heat the particulate product; and (c) continuously passing the

particulate product through the liquid column lower portion with the particulate

product directly contacting the liquid.  

The foregoing and other objects and aspects of the present invention are

described in greater detail in the drawings herein and the specification set forth

below.  

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. A1-1 is a schematic illustration of a hydrostatic heating apparatus of the

present invention;

FIG. A1-2 is a schematic illustration of a hydrostatic heating apparatus with an

alternative product outlet opening;

FIG. A1-3 is a schematic illustration of a hydrostatic heating apparatus with an

alternative product inlet and outlet opening;

FIG. A1-4 is a schematic illustration of a transporting means for a hydrostatic

heating apparatus;

FIG. A1-5 shows an alternative embodiment of the transporting means;

FIG. A1-6 shows a cross-sectional view of a return means for the transporting

means shown in FIG. A1-5;

FIG. A1-7 is a flow diagram of a combination liquid product line and particulate

product line with a hydrostatic heating apparatus;

FIG. A1-8 is a perspective view of an aseptic mixer; and

FIGS. A1-9A-C is a schematic illustration of alternative embodiments of the

transporting means.  
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

FIG. A1-1 shows a continuous hydrostatic heating apparatus for heating a

particulate product.  Generally described, the apparatus uses either an aqueous or

non-aqueous liquid.  The aqueous liquid includes water, or a water based

solution.  The non-aqueous liquid includes edible liquids such as corn oil, olive oil,

saffron oil, and cannola oil.  The liquid is contained in a column configuration

housing which may be open to atmospheric pressure.  The hydrostatic pressure

increases the pressure on the liquid in the lower part of the column and thereby

increases the liquid's boiling point at this location which is designated as the

aseptic heating zone 40 .  A heater 25  is placed at the aseptic heating zone 40  in

order to heat the temperature of the liquid to a predetermined level.  The heater

can directly contact the liquid (FIG. A1-6) or be placed externally on the

enclosed chamber 10.  The heater can be a direct heater such as a steam injection

heater, or an indirect heater such as a heated surface heater.  The aseptic heating

zone 40  is of a predetermined length.  Since the temperature of the liquid in the

aseptic heating zone 40  is heated to a predetermined temperature and the length

of the aseptic heating zone 40  is also predetermined, the speed of a transporting

means (FIG. A1-4, FIG. A1-5, FIG. A1-10) is adjusted such that it moves the

product through the aseptic heating zone 40  at a rate sufficient to cook,

pasteurize and/or sterilize the particulate product prior to where the particulate

product exits the product outlet opening 30 .  In the present invention, the term

"cooking" refers to heating at any temperature above room temperature, and the

term "sterility" indicates that there are no microorganisms present that have public

health significance or that are capable of reproducing in the food or other
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particulate product under normal non-refrigerated conditions of storage and

distribution.  

Once the product exits the aseptic heating zone 40 , it is contained in an

aseptic area 80  such that the particulate product is protected from contamination

throughout any subsequent handling.  In the present invention, the term "aseptic"

is interchangeable with sterile.  The present invention is used for particulate

products which are cooked, pasteurized and/or sterilized by the hydrostatic

heating apparatus.  Particulate products, in the present invention, include any

number of products, semi-solid as well as solid, such as but not limited to, peas,

beans, pasta, and immersible medical tools.  In yet another alternative, the term

particulate product includes the liquid by-product of the particulate.  The heating

apparatus liquid is preferably sterile upon reaching the outlet opening and

therefore can be combined as part of the final aseptic product.  Therefore, the term

particulate product can also include a liquid by-product of the solid or semi-solid

product, such as but not limited to, chicken broth created from heating chicken in

the hydrostatic heating apparatus.  

The hydrostatic heating apparatus comprises an enclosed chamber 10, with a

product inlet opening 20  (FIG. A1-2 item 20 , FIG. A1-3 item 21), a product outlet

opening 30  (FIG. A1-2 item 31, FIG. A1-3 item 31), and an aseptic heating zone

40 .  The apparatus further comprises a transporting means (FIG. A1-4, FIG. A1-5),

a hydrostatic pressure means, and a heater 25 .  The apparatus has a drive

apparatus which has a minimum of external power sources in order to minimize

the number of contamination pathways.  Therefore, it is preferable to run all the

power from one power source, although it is possible to have a multiplicity of
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power sources.  In the preferred embodiment, the product outlet opening is

connected to an aseptic area 80 .  The product exits the product outlet opening

30  (FIG. A1-2 item 31, FIG. A1-3 item 31) and either undergoes further product

combinations (FIG. A1-7, FIG. A1-8) or is transported to an aseptic packager such

that the sterility of the product is maintained.  

The hydrostatic pressure means has at least one inlet column 45  and at least

one exit column 50  which houses a liquid.  As described above, the inlet column

45  is in fluid communication with the exit column 50  through the aseptic heating

zone 40 .  The inlet column 45  and the exit column 50  have vertical drops

sufficient to hydrostatically increase the pressure of the liquid in the aseptic

heating zone 40 .  The vertical drop is obtained by configuring the inlet column

45  and the exit column 50  perpendicular to or on an inclined slope from the

aseptic heating zone 40  such that the liquid level 60  provides the necessary

pressure increase in the aseptic heating zone.  

The inlet column 45 , the aseptic heating zone 40 , and the exit column 50  are

preferably configured in an essentially linear configuration so that the

transporting means may travel along an essentially linear path.  In the most simple

configuration as illustrated in FIG. A1-1 there is only one inlet and exit column.

However, it is possible to have more than one of either or both columns

positioned on the aseptic heating zone 40  to provide equivalent pressures and

the liquid needed to operate the hydrostatic heating apparatus.  The liquid flow

path 55  is down the inlet column 45  through the aseptic heating zone 40  and up

the exit column 50 .  In the currently preferred embodiment of the present

invention, the hydrostatic pressure means is open to atmospheric pressure,



163

although the columns themselves may be covered to provide for protection from

contamination.  The cover may or may not be sealed.  If sealed, the internal

pressure can be equalized to the ambient pressure or a predetermined pressure by

use of pressure relief valves and/or pressure compensating passages in the inlet

column 45  and exit column 50  of the housing.  

The heater 25  can be a standard steam or boiler type heater, a radio-

frequencies source, a microwave source, or electric element type heater.  The

heater 25  is located along the enclosed chamber 10 at the aseptic heating zone

40 , and may also extend up onto the inlet column 45  and exit column 50 .  In one

embodiment of the invention the heater extends along the enclosed chamber 10

and an additional 4 meters up the bottom portion of the inlet column 45  and exit

column 50 .  Alternatively, the liquid is heated before it is introduced into the inlet

column 45 , or pre-heated while it is in the inlet column 45 .  The liquid can be

heated or pre-heated by introducing steam into the liquid column 45 , but any

number of other heating methods can also be used.  There are many combinations

of transporting means speed (FIG. A1-4, FIG. A1-5), liquid temperature in the inlet

column 45 , liquid temperature in the aseptic heating zone 40 , and length and

position of the heater 25  which can provide the desired heating results.  

In another aspect of the present invention, the liquid level 60  in the inlet

column 45  and exit column 50  is at least about 14.24 meters.  Included in this

aspect is the use of water as the hydrostatic liquid.  The boiling point of water at 1

atmosphere of pressure (atm) is 100 degrees Centigrade.  By providing the 14.24

meters of liquid, the pressure is increased by 1.38 atm at the bottom of the inlet

column 45  and exit column 50  and the aseptic heating zone 40  which is in fluid
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communication with the bottom of the inlet column 45  and exit column 50 , and

therefore exposed to the same pressures.  Therefore, the pressure in the aseptic

heating zone 40  will be approximately 2.38 atm (35 psi).  This will

correspondingly increase the boiling point of the liquid at this point to 126

degrees Centigrade.  

It is generally accepted by those in the field that an exposure of a low acid

food product to a heat treatment of 121.5 degrees Centigrade for three minutes

(F0=3) will achieve a 12 D reduction in Clostridium botulinum and is therefore an

acceptable processing time.  However, an F0=5 will generally provide an increase

in shelf life because this additional exposure time will kill off spoilage spores

which are more resistant than Clostridium botulinum.  Therefore, the hydrostatic

method of increasing the boiling point of the cooking liquid above the sterility

temperature allows the cooking and sterilization steps to be performed

concurrently and in a continuous manner.  In keeping with this aspect of the

invention, the height of the inlet column 45 , the exit column 50 , and the liquid

level 60  can be increased or decreased such that the associated increase in

pressure will increase the boiling point of the liquid to any number of possible

scenarios, for example 5, 10, 15, 20 or more degrees.  

The hydrostatic heating apparatus can have a separate liquid inlet opening 65

and liquid outlet opening 70  as illustrated.  However, it is possible that the liquid

inlet opening 65  and liquid outlet opening 70  can be placed at any number of

positions either above, below, or at the same level as the product inlet opening 20

and product outlet opening 30  along the inlet column 45  or the exit column 50 .

It is also possible to combine the product inlet opening 20  with the liquid inlet
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opening 65 .  Likewise, the liquid outlet opening 70  can be combined with the

product outlet opening 30 .  

While cooking or heating, a product may release starch or other components

into the liquid.  Therefore, in order to prevent excess or run-off accumulation of

those by-products in the processing liquid, fresh liquid is introduced into the

hydrostatic heating apparatus at a predetermined rate.  The liquid level and flow

rate are adjusted by separately adjusting the amount of liquid flowing in the

liquid inlet opening 65  and the amount of liquid exiting the liquid outlet opening

70 .  In addition, the liquid outlet opening 70  can have a releasing hose, bigger in

diameter and placed slightly lower than the liquid inlet opening 65 .  This

configuration forces the liquid to exit without the use of a suction pump.

Although this configuration would not require a pump, the use of a pump is an

alternative to maintaining a positive liquid flow so as to prevent reverse flow and

contamination.  Finally, when sterilizing solid non-food products wherein

accumulation of food by-products is not a problem, it may be unnecessary to

have a liquid outlet.  The liquid level is periodically, rather than continuously,

adjusted by allowing only sufficient liquid into the liquid inlet 65 as is necessary

to replace any liquid volume lost due to evaporation or leakage.  

FIG. A1-2 illustrates an alternative position for the product outlet opening

31.  This alternative places the product outlet opening 31 at the bottom portion of

the exit column 50  which is below the liquid outlet opening 70  and within the

liquid level 60 .  After the particulate product is cooked and/or sterilized, the

transporting means (FIG. A1-4, FIG. A1-5, FIG. A1-9) transports the particulate

product out through a sealed product outlet opening 31.  The seal uses an o-ring
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configuration, or other sealing mechanism to prevent fluid loss through the

product outlet opening 31.  

FIG. A1-3 illustrates an additional alternative for the placement of the

product inlet opening 21.  This alternative places the product inlet opening 21 at

the bottom portion of the inlet column 45  below the liquid inlet opening 65 .  The

transporting means transports the particulate product from a product inlet

opening 21 and through the aseptic heating zone 40 .  Upon completion of the

cooking and/or sterilization process step, the transporting means passes the

particulate product out the product outlet opening 31.  Both openings are sealed

by the use of an o-ring, or through any other sealing mechanism that prevents

fluid loss through the product inlet opening 21 or outlet opening 31.  

FIG. A1-4 illustrates one alternative for a transporting means for transporting

a particulate product from the product inlet opening 20  to the bottom of the inlet

column 45  into the aseptic heating zone 40  and finally into the exit column 50

and out of the product outlet opening 30 .  Generally the particulate product is

released at a constant rate to the product inlet opening 20 .  An inverse elevator

90  shaped to collect the particulate product and force it down the inlet column

45  transports the product to the entry of the aseptic heating zone 40.  One of

many possibilities is to have the inverse elevator 90  be an inverse bucket elevator

with drainage openings which allow the particulate product to be contained and

moved down through the liquid in the inlet column 45 .  At the bottom of the inlet

column 45 , a screw conveyor 95 collects the particulate product and transports it

at a predetermined speed through the aseptic heating zone 40 and delivers the

particulate product to the bottom of the exit column 50 .  An exit elevator 100
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transports the particulate product to the product outlet opening 30 .  One

alternative for the exit elevator 100 is a bouncing bucket type elevator with

drainage openings which helps prevent food particulate products from sticking to

each other or the bucket while being transported as well as allows the container

to drain the liquid from the particulate product.  Subsequently, the particulate

product is transported to an aseptic area 80  and released through the product

outlet opening 30 .  Because of the positive flow in the aseptic area 80  towards a

vapor release valve 105 (or other vapor release mechanism) a local vacuum is

created which allows moisture to be removed from the particulate product and

also allows part of the heat in the particulate product to be absorbed by the

environment due to the thermal gradient in the system.  In this transporting means

configuration the separate transporting mechanisms with their associated

conventional return means act to maintain the aseptic condition of the aseptic

area 80  since the individual return means are individually contained within their

respective areas in the apparatus.  In the present invention, the transporting

means described includes at least one conveyor or elevator.  The conveyor can be

a screw, drag, cable, disk, bucket, or other such mechanism.  The term "screw

conveyor" includes, but is not limited to, left or right hand configurations, and

single, twin, or multiple screw conveyor configurations.  The components

described above and other such mechanisms that serve the same purpose yield a

transporting means and can be interchanged in any number of alternative

configurations.  In one preferred embodiment, a single cable conveyor serves as

the transporting means for transporting the particulate product from the inlet

opening to the outlet opening.  
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FIG. A1-5 shows a continuous conveyor alternative for the transporting

means and return means.  The conveyor 43  can be a screw, drag, cable, disk,

bucket, or other such mechanism.  The continuous path requires a separate loop

to return the conveyor 43  back to the initial starting point at the product inlet

opening 20 .  The particulate product is introduced at a product inlet opening 20

and the conveyor 43  transports the particulate product in the liquid down the

inlet column 45 , through the aseptic heating zone 40 , up the exit column 50, and

finally out the product outlet opening 30 .  The return loop takes the conveyor 43

back down a first return column 110 through a return aseptic heating zone 41 and

finally back up a second return column 115 until the continuous conveyor 43  has

returned to its initial position.  In order to ensure that the return loop does not

introduce contaminants in the aseptic area (FIG. A1-1 80), the conveyor 43  is

returned via the return aseptic heating zone 41.  The return aseptic heating zone

41, like the aseptic heating zone 40 , contains the hydrostatic liquid and is heated

by the heater 25  to a predetermined temperature.  Thus, the return heating aseptic

zone 41 heats the return loop to maintain sterility.  The input loop and the return

loop can be reversed with no effect on the function of the invention.  In addition,

the input loop and return loop can be placed in any number of alternative and

positions, such as top to bottom and side by side, that achieve the same purpose.  

The columns are made out of stainless steel, but any non-reactive material that

can meet the temperature requirements can be used.  Currently, there are several

commercial conveyor systems that can be modified to meet the transporting

means and return means specifications.  For example, the READYBUILT™ or

RB™ conveyors, the FLOVEYOR™ conveyor, or the ENTECON™ conveyor
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system.  The alternative product inlet opening (FIG. A1-3 21) and alternative

product outlet opening (FIG. A1-2 31, FIG. A1-3 31) configuration can also be

used with some modification of the continuous conveyor system discussed

above.  

FIG. A1-6 shows an additional feature that may be used to help insure

sterility in the return means.  The return aseptic heating zone 41 is in fluid

communication with the aseptic heating zone 40  by cross feed lines 120.  The

cross feed lines 120 fluidly connect the aseptic heating zone 40  with the return

aseptic heating zone 41.  The cross feed lines 120, the aseptic heating zone 40 ,

and the return aseptic heating zone 41 contain liquid that is heated to a

predetermined temperature by the heater 25 , which either contacts the liquid or

indirectly heats the liquid.  In one aspect of the invention, the heater 25  heats an

element which is placed between, above, or below the aseptic heating zone 40

and the return aseptic heating zone 41.  In a preferred aspect, the heating element

is non-metallic and is heated using microwave energy.  The heating element is

below the aseptic heating zone 40  and the return aseptic heating zone 41 so that

more surface area is available for irradiation.  An additional advantage of this

aspect is that heat rises and this phenomenon helps assure the aseptic heating

zone 40  and the return aseptic heating zone 41 are provided with hot liquid

through the cross feed lines 120.  The cross feed lines 120 may have filters 121 to

prevent the particulate product from backing into the cross feed lines 120.  The

cross feed lines 120 are placed such that they are at a sharp angle from the liquid

flow path of the conveyor.  When using a transporting means that does not

include a continuous conveyor system, and therefore does not have a separate
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return line, the cross feed lines 120 fluidly connect the heater 25  and the aseptic

heating zone 40  and thereby heat the liquid in the aseptic heating zone 40.  

FIG. A1-7 shows a flow diagram of a combination product line.  The liquid

product line 160 is aseptically processed according to conventional means.  The

aseptic liquid product is pumped into an aseptic mixer 138 (FIG. A1-8) where it is

combined with an aseptic particulate product line 161 which has been cooked

and/or sterilized by the hydrostatic heating apparatus discussed above.  The

combination product is then discharged into an aseptic packager 175.  

FIG. A1-8 is a perspective view of an aseptic mixer.  After the aseptic

particulate product line exits the product outlet opening (FIG. A1-1 40), the

particulate product is conveyed by conveyor 140 (also shown in FIG. A1-4) to a

mixer particulate product inlet opening 146.  The particulate product moves

against the point of at least one separator 142 which is shaped in a wedge form.

The particulate product line then forms at least two lines that drop through the

mixing channel particulate product entry opening 150 and into the attached

corresponding mixing channels 147 in order to obtain a combination liquid and

particulate product mixture.  The conventionally processed aseptic liquid product

line is pumped into at least one of a multiplicity of liquid product inlet openings

144.  The liquid product line then enters the mixing channels 147 through the

mixing channel liquid product entry openings 149.  The liquid product line and

the particulate product line are then combined and fall or slide to the mixer exit

opening 148 which is connected to an aseptic fill and packaging area.  



171

FIG. A1-9 illustrates a cross sectional view of a number of alternative

transporting means for transporting the particulate product within the enclosed

chamber.  

In FIG. A1-9A a screw conveyor 11 in the inlet column 45  takes the

particulate product and submerges the particulate product in liquid while taking

the particulate product down to a second screw conveyor 12 in the aseptic

heating zone 40 .  A bucket elevator or belt conveyor 13 in the exit column 50

delivers the particulate product to the product outlet opening FIG. A1-9B uses

one continuous screw conveyor 14 while FIG. A1-9C uses three separate screw

conveyors 11, 12, and 15.  There are any number of conveyors and equivalents

that would transport the particulate product such as but not limited to screw,

drag, cable disk or bucket conveyor configurations.  The inlet column 45  and exit

column 50  can be reversed and yield the same results.  In addition, the conveyors

can be arranged in any number of alternative variations within the enclosed

chamber of the apparatus.

In one embodiment of the present invention, a solid product such as macaroni

to be both cooked and sterilized enters the apparatus at a product inlet opening

20  (FIG. A1-2 item 20 , FIG. A1-3 item 21).  The macaroni is then immersed in a

liquid, particularly water in the inlet column (FIG. A1-1 45) and transported (FIG.

A1-4 and FIG. A1-5) while suspended in the water through the aseptic heating

zone 40 , and is delivered to the aseptic area (FIG. A1-1 80), and the product

outlet opening (FIG. A1-1 30, FIG. A1-2 31, FIG. A1-3 31).  The liquid level is

approximately 14.24 meters which places approximately 2.38 atmospheres (atm)

of pressure on the liquid in the aseptic heating zone 40 .  The macaroni is
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processed such the residence time at 121.5 degrees Centigrade meets the Food

and Drug Administration (FDA) requirements for sterility.  For example, to reach

an Fo=5 result, the macaroni is immersed in 121.5 degree liquid in the aseptic

heating zone (FIG. A1-1 40) for a period of five minutes.  This allows the

macaroni to be cooked and sterilized while it is transported in the heated liquid in

the aseptic heating zone 40.  The macaroni is then transported to the aseptic

mixer (FIG. A1-7 138) where it is combined with a commercially available and

conventionally processed aseptic cheese sauce.  The combination product is then

aseptically filled and packaged.  

In another embodiment of the present invention, a semi-solid product, peas,

which are to be both cooked and sterilized, enters the apparatus at a product inlet

opening 20  (FIG. A1-2 item 20 , FIG. A1-3 item 21).  The transporting means takes

the peas and immerses them in a liquid such as water in the inlet column 45  and

transports them (FIG. A1-4, FIG. A1-5, FIG. A1-9) in the water through the

aseptic heating zone 40 , and delivers them to the aseptic area (FIG. A1-1 80), and

out of the product outlet opening 30  (FIG. A1-A1-2 31, FIG. A1-A1-3 31).  The

peas are then transported to an aseptic packaging area or are mixed in

accordance with the combination product process discussed above.  

In yet another alternative of the present invention, the hydrostatic heating

apparatus is used to sterilize a solid product such as medical tools or equipment.

This continuous system is more efficient than current autoclave batch

applications.  



173

The foregoing examples are illustrative of the present invention, and are not to

be construed as limiting thereof.  The invention is defined by the following claims,

with equivalents of the claims to be included therein.  

CLAIMS

That which is claimed is:

1. A hydrostatic heating apparatus for heating a particulate product in a liquid,

said hydrostatic heating apparatus comprising:

 an enclosed chamber which is open to atmospheric pressure

configured to contain said liquid under hydrostatic pressure, said enclosed

chamber having a product inlet opening and a product outlet opening

formed therein, and having a heating zone positioned between said

product inlet opening and said product outlet opening;

transporting means positioned in said enclosed chamber and extending

through said heating zone for transporting said particulate product in said

liquid from said product inlet opening through said heating zone and to

said product outlet opening;

hydrostatic pressure means operatively associated with said enclosed

chamber for maintaining said particulate product in said liquid under

pressure in said heating zone; and

a heater connected to said enclosed chamber for heating said

particulate product in said liquid under pressure in said heating zone.  

2. An apparatus according to claim 1, said hydrostatic pressure means

comprising:
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at least one inlet column formed on said enclosed chamber for

supporting said liquid in a hydrostatic liquid column open to atmospheric

pressure,

at least one exit column formed on said enclosed chamber for

supporting said liquid in a hydrostatic liquid column open to atmospheric

pressure;

and with said inlet column and said exit column in fluid communication

through said heating zone.  

3. An apparatus according to claim 2, configured so that each of said inlet and

exit columns has a vertical drop sufficient to elevate the pressure of said

liquid in said heating zone.  

4. An apparatus according to claim 1, wherein said heater is configured to heat

said liquid by contacting said liquid to a heated surface.  

5. An apparatus according to claim 1, said transporting means comprising at

least one conveyor.  

6. An apparatus according to claim 1, said transporting means comprising a

conveyor, and wherein said transporting means further comprises a return

means operatively associated with said transporting means to return said

conveyor from said product outlet opening to said product inlet opening

without contaminating said heating zone.  

7. An apparatus according to claim 1, said heating zone having a heated portion,

said transporting means comprising:
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a first elevator for transporting said particulate product down said inlet

column to said heated portion;

a conveyor operatively associated with said first elevator for

transporting said particulate product from said first elevator through said

heated portion; and

a second elevator operatively associated with said conveyor for

transporting said particulate product from said heated portion to said

product outlet opening.  

8. An apparatus according to claim 1, said transporting means comprising an

elevator for transporting said particulate product down said inlet column to

said heated portion.  

9. An apparatus according to claim 1, said transporting means comprising a

conveyor for transporting said particulate product through said heated

portion.  

10. An apparatus according to claim 1, said transporting means comprising an

elevator for transporting said particulate product from said heated portion to

said product outlet opening.  

11. An apparatus according to claim 1, said transporting means configured so that

its speed and length determines the time said particulate product resides in

said heated portion.  

12. An apparatus according to claim 2, wherein said enclosed chamber further

comprises a liquid inlet opening on said inlet column and a liquid outlet
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opening on said exit column for adjusting the hydrostatic liquid level in said

enclosed chamber.  

13. An apparatus according to claim 12, configured so that said product inlet

opening is below said liquid inlet opening.  

14. An apparatus according to claim 12, configured so that said product outlet

opening is below said liquid outlet opening.  

15. An apparatus according to claim 12, wherein said enclosed chamber

configured so that said product outlet opening is above said liquid outlet

opening.  

16. An apparatus according to claim 12, said enclosed chamber configured so

that said product inlet opening is above said liquid inlet opening.  

17. An apparatus according to claim 12, said enclosed chamber configured so

that said product outlet opening is combined with said liquid outlet opening.  

18. An apparatus according to claim 12, said enclosed chamber configured so

that said product inlet opening is combined with said liquid inlet opening.  

19. An apparatus according to claim 2, further comprising a pumping means

operatively attached to said outlet column to maintain a positive liquid flow

so as to prevent reverse flow and contamination.  

20 . An apparatus according to claim 1, further comprising a drive means

operatively associated with said transporting means for driving said

transporting means.  
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Figure A1-1. A schematic illustration of a hydrostatic heating apparatus of the
present invention.

Figure A1-2. A schematic illustration of a hydrostatic heating apparatus with an
alternative product outlet opening.
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Figure A1-3. A schematic illustration of a hydrostatic heating apparatus with an
alternative product inlet and outlet opening.

Figure A1-4. A schematic illustration of a transporting means for a hydrostatic
heating apparatus.
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Figure A1-5. An alternative embodiment of the transporting means.

Figure A1-6. A cross-sectional view of a return means for the transporting means
shown in Figure 5.
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Figure A1-7. A flow diagram of a combination liquid product line and particulate
product line with a hydrostatic heating apparatus.
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Figure A1-8. A perspective view of an aseptic mixer.

Figure A1-9. A schematic illustration of alternative embodiments of the
transporting means.
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Appendix 2.

Dimensions  and flow rates in the pilot plant apparatus and their equivalents

in a full scaled model.
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According to table A2-1, the total width of a conveyor (disk) compartment

in the hydrostatic heating apparatus, regardless of disk design, is 25.40 cm.  The

total volume of a compartment composed of disk A is 3,043.84 cm3 and 2,980.23

cm3 for disk B.  The average area within the compartments can be calculated by

dividing the compartment total volume by the compartment total width.  The

average width for the compartment containing disk A or B is 119.84 cm2 and

117.33 cm2 respectively.  The average of the two volumes is 118.585 cm2  (0.1186

m2).  

The rate in which the fluids were introduced into the model hydrostatic

heating apparatus is directly related to the conveyor speed employed in the full

scale apparatus.  According to the mass flow balance equation, a volumetric flow

of 10, 20 and 30 l/min translates to a conveyor mean flow speed of 0.014, 0.028

and 0.042 m/s respectively, as the volumetric flow velocities (m3/sec) are divided

by the compartment averaged area (m2)  (Table A2-2).
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Table A2-1. Dimensions and volumes of the hydrostatic heating apparatus.

area between Disk design A Disk design B

wall and (cm2) width of (cm) volume (cm3) width of (cm) volume (cm3)

rod 125.41 22.86 2,866.87 22.23 2,787.86

collar 115.28 1.27 146.40 1.27 146.40

disk 24.07 1.27 30.57 1.91 45.97

Total 25.40 3,043.84 25.40 2,980.23

Table A2-2. Unit conversion of flow rates and the effect of varying flow rates

and areas on corresponding conveyor speed.

Flow rate (l/min) 35.952 35.199 35.952 10.00 20.00 30.00

(cm3/min) 35,952 35,199 35,952 10,000 20,000 30,000

(m3/min) 0.03595 0.03519 0.03595 0.01 0.02 0.03

(m3/sec) 0.00059 0.00058 0.00059 0.00016 0.00033 0.0005

(m2) 0.0119 0.0117 0.01185 0.01185 0.01185 0.01185

conveyor speed (m/s) 0.05 0.05 0.05052 0.01405 0.02810 0.04216
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Appendix 3.

Procedures for using the ExpertVision™ Software with the

Motion Analysis™ VP 110 video processor.
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During the experimental sessions, the balls in the process tube were

illuminated by a 1000W Halogen light placed behind the video camera (model

1CVC2030E color video camera, General Electric Company, Portsmoth, VA

23705) and their movement recorded on a Quasar HI speed video search VHS

recorder (VP5410TE HI speed video search VHS, Quasar, Japan).  Using a

Panasonic AG-6300 VHS recorder, the tape was replayed through a video

processor (VP110, Motion Analysis Corporation, Santa Rosa, CA 95403) (Fig. A3-

1) which identifies the pixel coordinates at which transitions occur between light

and dark regions and relays these coordinates to PC-based ExpertVision™

software (ExpertVision™, Motion Analysis Corporation, Santa Rosa, CA 95403).

The two-dimensional coordinates of each ball were obtained by calculating the

centroid of each ball outline for each digitized video frame.  Standard

ExpertVision™ software was used to generate two dimensional spatial paths,

speed and NGDR for each of the balls as a function of time.  

The following section describes the procedures for operating the VP110

video processor in conjunction with the ExpertVision™ software.
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Figure A3-1. Panasonic AG-6300 VHS recorder (top) and VP110 video processor

(bottom).

1. Turn on power supply.

2. Turn on computer.

3. Turn on printer.

4. Turn on VP 110.

5. Turn on monitor.

6. Initiate the ExpertVision™ software.

a. From the DOS prompt, go to the designated directory.

c:\user>  cd foodsci  ↵

b. Launch the ExpertVision™ software.

c:\user\foodsci>  ev  ↵

7. Start tape.

8. Pause the tape by pressing ‘PAUSE’.

9. Set the parameters for the ExpertVision™ software.
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a. Set the ‘THRESHOLD’ on the VP110 video processor (Fig. A3-2).

Figure A3-2. Location of the ‘THRESHOLD’ button on the VP110 video

processor control panel.

b. Set the size of the screen to be analyzed.

i. In order to activate the yellow written script, press the ‘SECOND

FUNCTION’ key  (Fig. A3-3).

 
Figure A3-3. Location of the ‘SECOND FUNCTION’ key on the VP110

video processor control panel.

ii. Press the ‘EDGE SETTING’ keys (Fig. A3-4) and set border lines using

the THRESHOLD’ button (Fig. A3-2).  The video processor will transmit

collected data only from the restrained area.

 
Figure A3-4. Location of the ‘EDGE SETTING’ keys on the VP110 video

processor control panel.

iii.  Press the ‘SECOND FUNCTION’ key once again  (Fig A3-3).

c. Set ‘FRAME  RATE’ to 1  (Fig. A3-5).
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Figure A3-5. Location of the ‘FRAME RATE’ setting keys on the VP110 video

processor control panel.

d. Press the ‘VIDEO’ key in order to see what images are being digitized  (Fig.

A3-6).

 
Figure A3-6. Location of the ‘VIDEO’ key on the VP110 video processor

control panel.

e. Press ‘FULL RATE’ to see the objects  (Fig. A3-7).  This view does not

reflect the data being sent to the computer by the video processor.

 
Figure A3-7. Location of the ‘FULL RATE’ key on the VP110 video processor

control panel.

f. Make sure that the ‘HOST’ key is on  (Fig. A3-8).

 
Figure A3-8. Location of the ‘HOST’ key on the VP110 video processor

control panel.
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g. In the ExpertVision™ software, specify the file name and the duration of

the data capturing period by typing:

vide   ↵

1  size# .vid   ↵

2  1  ↵
↵   
↵   

h. Press ‘MANUAL’ on the VP110 video processor control panel  (Fig. A3-9).

 
Figure A3-9. Location of the ‘MANUAL’ key on the VP110 video processor

control panel.

i. Restart the tape by pressing ‘PAUSE’ or ‘PLAY’.

j. Observe the video processor control panel.  It should blink every 10

seconds.

k. After the designated elapsed time, press ‘STOP’ or ‘PAUSE’.

l. Check the screen for the output frame number.  It should be 1.

m. In the ExpertVision™ software, specify the units, distance between 2

known objects (Fig A3-10)(Table A3-1), and reference points by typing:

plot size#.vid   ↵

plot/es size#.vid   ↵

su   ↵ sets the units

cm   ↵

ds   ↵ sets the distance between 2 known objects (Fig 10)(Table 1)

rp   ↵ sets the reference point

lo   ↵ checks the set parameters

q   ↵ quits the menu
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envir   ↵ sets and shows parameters of the system

2d   ↵

1   1.021   ↵

check parameters 2 and 3

q   ↵

q   ↵

a
b
c
d
e

f
g
h
i

j
k
l

Figure A3-10. Vertical dimensions of cable conveyor.
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Table A3-1. Vertical dimensions of cable conveyor in respect to

Fig. A3-10.

Design A & B Design C

inch cm inch cm

a 0.50 1.27 0.50 1.27

b 1.00 2.54 1.25 3.18

c 10.00 25.40 10.00 25.40

d 10.50 26.67 10.50 26.67

e 11.00 27.94 11.25 28.58

f 0.50 1.27 0.75 1.91

g 9.54 24.23 9.50 24.13

h 10.00 25.40 10.00 25.40

i 10.50 26.67 10.75 27.31

j 9.00 22.86 8.75 22.23

k 9.50 24.13 9.25 23.50

l 10.00 25.40 10.00 25.40

10.Analyze data:

a. Follow steps 7 through 9.b.iii.

b. Set ‘FRAME RATE’ according to the movement of the object (Fig. 5). If

the objects move fast, a high number should be assigned and if the objects

move slow, a low number should be used.  The recommended range is

between 10 and 30.

c. Follow steps 9.d. through 9.f.

d. In the ExpertVision™ software specify the file name and the duration of

the data capturing section by typing:
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vide   ↵

1 filename.vid   ↵

2  30  ↵ 30 seconds is recommended

↵   
↵   

c. Follow steps 9.h. through 9.k.

d. Check the screen for the output frame number.  It should be equal to the

frame rate multiplied by the number of seconds.

e. In the ExpertVision™ software, specify the following:

i.  General plot and a path of the data:

plot filename.vid   ↵

cent filename.vid    ↵

1  10   ↵

2  10   ↵

3  4     ↵

4  50   ↵

path filename.cen   ↵

1  10   ↵

2  5   ↵

3  0     ↵

4  0   ↵

5  0   ↵
↵
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choo  filename.pat   ↵ will give the paths and frames

The edit commands are:

t ↵ Put tick marks on the path

p ↵ restore

k ↵ kill path

s ↵ smooth the path

p ↵ plot and save current path

ts ##,## ↵ will show the movement

If needed, the path can be joined:

join filename.pat 1 2 ↵

join filename.cho 1 2 ↵ join path 1 with path 2

list filename.pat ↵ shows the content of the filename.pat

list filename.cho ↵ shows the content of the filename.pat

Keep doing the above until all the frames are at path 1

 ii. Create ASCII files for the results:

list/re filename.cho ↵

filename.xpt ↵

speed filename.cho ↵

list/re filename.spd ↵

filename.xpd ↵

stat filename.spd ↵

list/re filename.sta ↵

filename.xsp ↵

ngdr filename.cho ↵

list/re filename.ngd ↵

filename.xgd ↵
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stat filename.ngd ↵

list/re filename.sta ↵

filename.xsg ↵

spli filename.cho ↵

list/re filename.pax ↵

filename.xx ↵

list/re filename.pay ↵

filename.xy ↵

iii. Copy the ASCII files to a floppy disk:

! copy *.x* a: ↵

iv. Quit the ExpertVision™ Software:

quit ↵

11. Turn off monitor.

12. Turn off VP 110.

13. Turn off printer.

14. Turn off computer.

15. Turn off power supply.



196

Appendix 4.

Minimum and maximum speed and NGDR values in the model hydrostatic

heating apparatus.



197

The speed and NGDR values of polystyrene balls in the model hydrostatic

heating apparatus were determined under various operating conditions.  Two

balls of different diameters (0.95 and 1.9 cm) were exposed to three liquid

velocities (10, 20 and 30 m/sec) and two disk designs (A - flat edge, and B -

concaved).  The minimum and maximum speed and NGDR values were

determined.

Fig. A4-1 summarizes the minimum and maximum speed values for

movement through the x;y and x;z plains.  For the x;z plain minimum speed values,

higher flow velocities resulted in faster minimum speed values.  The minimum

speed values of the 1.90 cm balls exposed to a velocity of 30 l/min and disk B

were significantly faster than values achieved for all other test combinations (Fig.

A4-2).  The maximum speed values for the x;y plain were not significantly

different across test variables (Fig. A4-3).  When comparing minimum speed

values across test variables on the x;z plain, no significant differences were

detected (Fig. A4-4).  As for the maximum speed values, the 0.95 cm balls within

disk design attained significantly higher speed at the two higher flow velocities.

The 1.90 cm balls (Disk B) reached significantly higher maximum speeds when

subjected to a flow velocity of 30 l/min  (Fig. A4-5).

In Fig. A4-6 to A4-10, the minimum and maximum NGDR values are

summarized for movement through the x;y and x;z plains.  The minimum NGDR

values were close to 0 for all test combinations with the exception of the 1.90 cm

ball, 30 l/min, and disk B combination which averaged 0.015 and 0.035 for the x;y

and x;z plains, respectively (Fig. A4-7 - A4-9).  A maximum NGDR value of 1 was

achieved on all test combinations (Fig. A4-8 - A4-10).
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Figure A4-1. Comparison between the effect of disk design and liquid flow rate on the minimum and maximum

speeds of different diameter polystyrene balls in the x;y and x;z planes.  A: minimum x;y, B:

maximum x;y, C: minimum x;z, D: maximum x;z, (n=2,700;  10 l/min,  20 l/min,  30 l/min).
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Figure A4-2. Effect of disk design and liquid flow rate on the minimum speed of different diameter polystyrene

balls in the x;y planes.  Means (n=2,700) with different letters are significantly different (PW0.05;

10 l/min,  20 l/min,  30 l/min).
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Figure A4-3. Effect of disk design and liquid flow rate on the maximum speed of different diameter polystyrene

balls in the x;y plane.  Means (n=2,700) with different letters are significantly different (PW0.05;

10 l/min,  20 l/min,  30 l/min).
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Figure A4-4. Effect of disk design and liquid flow rate on the minimum speed of different diameter polystyrene

balls in the x;z planes.  Means (n=2,700) with different letters are significantly different (PW0.05;

10 l/min,  20 l/min,  30 l/min).
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Figure A4-5. Effect of disk design and liquid flow rate on the maximum speed of different diameter polystyrene

balls in the x;z planes.  Means (n=2,700) with different letters are significantly different (PW0.05;

10 l/min,  20 l/min,  30 l/min).
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Figure A4-6. Effect of disk design and liquid flow rate on the minimum and maximum net-to-gross-displacement-

ratio (ngdr) of different diameter polystyrene balls in the x;y and x;z planes.  A: minimum x;y, B:

maximum x;y, C: minimum x;z, D: maximum x;z, (n=2,700;  10 l/min,  20 l/min,  30 l/min).
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Figure A4-7. Effect of disk design and liquid flow rate on the minimum net-to-gross-displacement-ratio (ngdr) of

different diameter polystyrene balls in the x;y planes.  Means (n=2,700) with different letters are

significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure A4-8. Effect of disk design and liquid flow rate on the maximum net-to-gross-displacement-ratio (ngdr)

of different diameter polystyrene balls in the x;y plane.  Means (n=2,700) with different letters are

significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure A4-9. Effect of disk design and liquid flow rate on the minimum net-to-gross-displacement-ratio (ngdr) of

different diameter polystyrene balls in the x;z plane.  Means (n=2,700) with different letters are

significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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Figure A4-10. Effect of disk design and liquid flow rate on the maximum net-to-gross-displacement-ratio (ngdr)

of different diameter polystyrene balls in x;z plane.  Means (n=2,700) with different letters are

significantly different (PW0.05;  10 l/min,  20 l/min,  30 l/min).
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